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This r epor t  w a s  prepared by t he  University of Cal i forn ia ,  
Berkeley, under Contract Number NAS 8-21432, Lunar  Surface Engineering 
Propert ies  Experiment Defini t ian,  f o r  the  George C. Marshall Space 
F l ight  Center of t h e  National Aeronautics and Space Administration. 
The work w a s  administered under the technical  d i rec t ion  Qf the  
Space Sciences Laboratory of t he  George C. Marshall Space F l ight  
Center e 
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Thi s  report presents t he  r e su l t s  of s tudies  conducted during the 
period July 19, 1969 - J u l y  19, 1970, under NASA Research Contract 
NAS 8-21432, "Lunar Surface Engineering Properties Experiment Definition." 
This study w a s  sponsored by the  Lunar Exploration Office, NASA Head- 
quarters ,  and w a s  under the technical cognizance of D r .  N.  C. Costes, 
Space Science Laboratory, George C. Marshall Space Fl ight  Center. 
The report r e f l e c t s  t he  combined e f f o r t  of f ive  facul ty  investiga- 
tors, a research engineer, a project  manager, and eight  graduate research 
a s s i s t an t s ,  representing several  engineering and s c i e n t i f i c  d i sc ip l ines  
per t inent  to  the  study of lunar surface material properties.  James K. 
Mitchell, Professor of C iv i l  Engineering, served a s  Pr incipal  Investigator 
and w a s  responsible for  those phases of the  work concerned with problems 
r e l a t ing  to  the  engineering properties of lunar soils and lunar soi l  
mechanics. Co-investigators w e r e  William N.  Houston, Assistant Professor 
of Civ i l  Engineering, who w a s  concerned with problems r e l a t ing  t o  the 
engineering propert ies  of lunar so i l s ;  Richard E. Goodman, Associate 
Professor of Geological Engineering, who w a s  concerned with the engineer- 
ing geology and rock mechanics aspects of t he  lunar surface; Paul A. 
Witherspoon, Professor of Geological Engineering, who was concerned with 
f l u i d  conductivity of lunar surface materials i n  general; Franklin C. 
Hurlbut, Professor of Aeronautical Science, who w a s  concerned with 
experimental s tudies  on f l u i d  conductivity of lunar surface materials; 
and D. Roger W i l l i s ,  Associate Professor of  Aeronautical Science, who 
conducted theo re t i ca l  s tudies  on f lu id  conductivity of lunar surface 
materials.  D r .  Karel Drozd, Assistant Research Engineer, performed 
laboratory tests and analyses per t inent  t o  the  development of a borehole 
jack for  determination of the  i n  s i t u  cha rac t e r i s t i c s  of lunar s o i l s  
and rocks; he also helped i n  the  design of the  borehole jack. H. Turan 
Durgunoglu, H. John Hovland, Laith I. Namiq, Parabaronen Raghuraman, 
James B. Thompson, Donald D. Treadwell, C.  Robert J i h ,  Suphon Chirapuntu, 
and Tran K. Van served a s  Graduate Research A s s i s t a n t s  and carr ied 
out  many of t h e  s tud ies  leading t o  the r e s u l t s  presented i n  t h i s  
iv 
report. Ted S. Vinson, Research Engineer, served as project manager 
1970, and contributed to studies concerned with lunar soil 
stabilization. H, John Hovland served as project manager after May 
1970, and contributed to studies concerned with soil property evaluation 
from lunar boulder tracks. 
Ultimate objectives of this project were: 
1) Assessment of lunar soil and rock property data using information 
obtained from Lunar Orbiter, Surveyor, and Apllo missions. 
2) Recommendation of both simple and sophisticated in situ testing 
techniques that would allow determination of engineering 
properties of lunar surface materials. 
3)  Determination of the influence of variations in lunar surface 
conditions on the performance parameters of a lunar roving 
vehicle. 
4)  Development of simple means for determining the fluid 
conductivity properties of lunar surface materials. 
5)  Development of stabilization techniques for use in loose, 
unconsolidated lunar surface materials to improve the 
performance of such materials in lunar engineering application. 
The scope of specific studies conducted in satisfaction of these objectives 
is indicated by the following list of contents from the Detailed Final 
Report which is presented in four volumes. The names of the investigators 
associated with each phase of the work are indicated. 
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roperties, and S ~ ~ ~ l i ~ a t ~ ~ n  o f  Lunar Soils
Chapter 1. LUNAR SOIL SI ULANT STUDIES 
W .  N. Houston, L. I. Namiq, 3. K .  Mitchell, and D. D. Treadwell" 
INTRODUCTION 
The study of lunar soil properties has been continued using 
simulated lunar soil. To better represent the actual lunar soil as 
revealed by the Apollo 11 and 12 missions, the lunar soil simulant 
used in previous studies (Mitchell and Houston,l970), was modified as 
described in the following sections. 
Special emphasis was placed on the determination of stress-strain, 
strength, compressibility, and trafficability parameters and their 
variations with density. Stress-deformation characteristics were 
determined through plate-load, boot-imprint, and penetrometer tests. 
The lunar soil simulant was also used in feasibility studies for 
several simple geotechnical tests, which have been proposed for later 
Apollo miWions. These include penetrometer tests, plate load tests, 
trenching, and core tube sampling. The results of these studies with 
the lunar soil simulant are being used as a basis for recommendations 
for modification of existing Apollo hand tools and for the design of 
new devices for the in situ study of lunar surface materials. 
MODIFICATION OF LUNAR SOIL SIMULANT 
The lunar soil simulant used prior to August 1969 is described in 
detail in Volume 1 of the Final Report (Mitchell and Houston, 1970). 
The selection of this simulant, hereafter referred to as Lunar Soil 
Simulant No. 1 (LSS No. I), was based primarily on the results of early 
Surveyor missions. 
*D. D. Treadwell's contribution is primarily in connection with the core 
tube studies. 
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Following the  apoflo I1 mission, gradation data f o r  the  actual  
lunar  s o i l  w e r e  obtained i n  the Lunar Receiving Laboratory, MSFC. The 
da ta  obtained were mst reliable f o r  the p a r t i c l e  s i z e  d i s t r ibu t ion  i n  
the  coarse range. It  was found, for example, t h a t  the per  cent l a rge r  
than 1 mm w a s  about 7 t o  LO, Unfortunately, the gradation data f o r  
sizes l e s s  than the No.  100 s ieve were not as r e l i ab le  because only 
dry sieving ( i n  a nitrogen atmosphere) w a s  used and t h e  f i n e  p a r t i c l e s  
w e r e  observed t o  aggregate, as do most terrestrial s o i l s  i n  t h i s  s i z e  
range. 
Additional data of g rea t  value were obtained on earth-returned 
samples of Apollo 11 material by performing penetration tests using 
l/$-inch-diameter rod on the  material packed i n  a 3.5-inch-diameter, 
2-inch high container (Costes e t  a l . ,  1970).  These tests w e r e  performed 
using the minus-1-mm f rac t ion  of the soil, 
rod penetration tests were performed on the minus-1-nun f r ac t ion  of Lunar 
A s i m i l a r  s e r i e s  of 1/4-inch- 
Soil  Simulant N o .  1. For each se r i e s ,  the value of G ( the slope of t he  
stress-penetration curve) w a s  plot ted against  void r a t i o ,  e. Void r a t i o  
r a the r  than densi ty  was used, because the value of spec i f i c  gravi ty  f o r  
t he  Apollo 11 s o i l ,  3.1, d i f f e red  s igni f icant ly  from the value 2.88 for 
LSS N o .  1. Figure 1-1 may be used t o  convert void r a t i o  to  density f o r  
t h e  ac tua l  lunar  s o i l  and the  lunar s o i l  simulant. 
Penetration test r e s u l t s  f o r  the two s o i l s  a re  compared i n  Figure 1-2. 
The excel lent  agreement f o r  the G-void r a t i o  re la t ionships  ind ica tes  t h a t  
the minus-1-mm f rac t ion  of LSS N o .  1 is a good match f o r  the  minus-1-mm 
f rac t ion  of the Apollo 11, a t  l e a s t  i n  regard t o  penetration res i s tance  
behavior of t he  material .  It follows t h a t  i f  the plus-1-mm f rac t ion  of LSS 
N o .  1 could be made s i m i l a r  to  t h a t  of A p o l l o  11 s o i l ,  a good match overa l l  
could be obtained. A s  a matter of fac t ,  however, the gradation data  f o r  
the  Apollo 11 mater ia l  show t h a t  the per  cent plus-1-mm is su f f i c i en t ly  
s m a l l  t h a t  the cha rac t e r i s t i c s  of t h i s  f r ac t ion  should be r e l a t ive ly  
unimportant i n  influencing the  mechanicaJ behavior of the whole soil. 
On the bas i s  of these test  r e su l t s  and observations, it w a s  decided 
t o  reduce the  percentage of plus-1-mm material i n  LSS No.  1 from the  
o r ig ina l  value of 30 to  a value of 7 t o  10, so as t o  more closely match 
the Apollo 11 material .  To produce the 7000 lb of simulant needed f o r  
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Fig. 1-2. Relat ionship between G and void r a t i o  f o r  
Apollo 11 lunar  s o i l ,  Costes e t  a1 . (1970), 
and f o r  Lunar Soi l  Sirnulant No. 1. 
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large-scale nodel t e s t ing ,  it w a s  necessary t o  sieve and mix some 
addi t ional  stock material ,  as was done i n  the preparation of LSS N o ,  1, 
The sieving and mixing operations were accomplished as described i n  
the Final Report of January 1970 (Mitchell and Houston, Vole I) - 
Reprocessing and preparation were accomplished over a period of about 
4 mnths  and the modified gradation obtained is shown i n  Figure 1-3 as 
Lunar Soi l  Simulant No, 2 (LSS No.  2) .  
Subsequently, a more r e l i a b l e  gradation curve fo r  the s o i l  returned 
by Apollo 11 w a s  obtained, and the gradation for  the Apollo 12 core 
tube samples became available.  These curves are shown i n  Figure 1-3. 
STRENGTH AND STRESS-STRAIN CHARACTERISTICS 
Vacuum plane s t r a i n  shear tests w e r e  conducted on specimens 
representing a range of d i f f e r e n t  i n i t i a l  void ra t ios .  Plane s t r a i n  
tests were used because p l a t e  load deformation, boot imprints, trench 
w a l l  f a i l u re s ,  and most foundation deformations are closer  t o  plane 
s t r a i n  than the  t r i a x i a l  loading conditions. The tests w e r e  conducted 
a t  a constant rate of deformation of 0.03 inch per minute on specimens 
with confining pressures ranging from 0.05 t o  0.4 kg/cm2. Specimen 
dimensions before the application of confining pressure w e r e  11.5 c m  
i n  length, 4.6 c m  i n  width, and about 15 c m  i n  height. The deviator load 
applied t o  the specimen w a s  measured with a load cel l ;  'the ax ia l  deforma- 
t i on  w a s  measured with a d i a l  gage. 
of the  test  w a s  monitored by the movement of a water bubble i n  the vacuum 
l ine .  
lowest value which could be used, because fo r  lower values membrane 
corrections became too large r e l a t ive  t o  the strength. 
content of 1.9% was used f o r  the test series discussed i n  the following 
paragraphs. 
for a second test  series a t  w = 1.0%- These values are presented a t  the  
end of t h i s  sect ion.  
The volume change during the duration 
A confining pressure of about 0.05 kg/cm2 w a s  found t o  be about the 
A constant w a t e r  
Corresponding values of the various parameters were determined 
The preparation of specimens such t h a t  they would have the s a m e  void 
ratio under d i f f e r e n t  confining pressures w a s  attempted but  found t o  
be nearly impossible without repeated t r ia ls .  Therefore, specimens w e r e  
1-6 
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prepared over a range of void r a t io s  fo r  each confining pressure,  thug 
enabling determination of r e s u l t s  for any void r a t i o  by interpolat ion.  
Due t o  changing membrane correction during each test  and from test t o  
test ,  it w a s  also found impossible t o  hold the confining pressure 
precisely constant during t h e  shear test. These d i f f i c u l t i e s  made it 
necessary to  develop a series of cross-plots so as t o  relate the s t rength 
and s t ress -s t ra in  parameters of i n t e re s t  t o  void ra t io .  The procedures 
used are described i n  the  following paragraphs. 
df Principal Stress Difference a t  Failure CT 
The tes t  data  indicated t h a t  the pr incipal  stress r a t i o s  a t  Ea i lure  
(Ls1/u3)f, varied l inear ly  with the log of e 
application of confining pressure but before shear) for  d i f fe ren t  values 
of the minor pr incipal  stress a t  fa i lure ,  cs 
re lat ionship f o r  LSS No.  2 a t  a water content of 1.9%. The l i n e s  shown 
i n  Figure 1-4a were located on the basis  of both the data  points indicated 
and previous experience and t e s t  r e su l t s  which indicated t h a t  curves of 
(the void r a t i o  a f t e r  the 
C 
Figure 1-4a shows t h i s  3f * 
df t h i s  type do not cross.  The principal stress difference a t  f a i l u r e ,  U 
fo r  constant values of e 
mined from Figure 1-4a. The relat ionship between log CI and e fo r  
d i f f e ren t  values of u w a s  found to  be l i nea r ,  as shown i n  Figure 1-4b. 
Values of cs 
re lat ionship f o r  any void r a t i o  between log G and log u shown i n  
Figure 1-5. A l i nea r  re la t ionship between log u and log 0 has been 
found for  o ther  granular s o i l s .  This re la t ionship can be expressed mathe- 
but a t  d i f fe ren t  values of u ~ ~ ,  could be deter-  
C 
df C 
35 
and u df 3f from Figure 1-4 w e r e  used t o  generate the l i nea r  
df 3f 
df 3f 
matically a s  a parabola: 
( fo r  0 and CT i n  kg/cm2) , 
0.1 3f df 
where 
I = intercept ,  a function of e a t  CT = 0.1 kg/cm2 
C 3f 
(1-1) 
3f 
G~ = slope of the  relat ionship between log CT and CT df 
= 0.875 (a constant for all values of e c ) -  
1-s 
0.8 
u 
0 
2 
I- O.? 
a a 
0.5 
3.0 4.0 5.0 6.0 7.0 8 .O 
PRINCIPAL STRESS RATIO - =If 
Q3 t 
Fig. 1-4a. Var ia t ion o f  p r inc ipa l  stress r a t i o  a t  f a i l u r e  w i t h  
void r a t i o  f o r  various values o f  confining' pressure. 
1.0 I h I I 1  
0. I I .o 
Qdf i K S C  
10.0 
Fig. 1-4b. Var ia t ion o f  p r i nc ipa l  stress d i f ference 
a t  f a i l u r e  w i th  vo id  ra t i o .  
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Fig. 1-5. Variation of principal stress difference 
a t  failure with confining pressure. 
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a t ion  (1-1) w a s  chosen t o  relate 0 and 0 ra ther  tha df 3f 
c-tan f$ re lat ionship,  because (I was found t o  vary s l i g h t l y  with confining 
pressure *I 
It w a s  found t h a t  log I varies  l inear ly  with e as $shown i n  Figure 
C t  
1-6. This var ia t ion  is described by the following equation: 
=0 
M e  I =  
C (10) 
(1-2) 
where Lo = 1.99 
and M = 0.815 
f o r  LSS No. 2 a t  w = 1.9%. 
Hence, the value of the pr inc ipa l  stress difference a t  f a i l u r e ,  Odf, can 
readi ly  be determined f o r  any void ratio and confining pressure using 
Equation (1-1) . 
It is important t o  note, however, t h a t  while Equation (1-1) indicates  
that, for (J3f = 0, 
discussed i n  following paragraphs). Therefore, the lower l imit ing value 
of (Tdf is 2c, where c = cohesion. 
(T = 0, the LSS does have a f i n i t e  cohesion (as df 
Cohesion, c. 
The var ia t ion  of cohesion, c, with void r a t i o ,  e ,  has been determined 
by excavating trenches with vertical w a l l s  i n  the lunar soi l  simulant as 
previously described i n  d e t a i l  (Mitchell and Houston, Jan. 1970, Final  
Report, V o l .  I ) .  Figure 1-7 shows the values obtained. It  w a s  found t h a t  
the variat ion of cohesion with void r a t i o  w a s  about the  s a m e  fo r  LSS 
N o .  2 as fo r  LSS N o ,  1, with the values of cohesion f o r  LSS No.  2 
w = 2.0% about the  same as those for  LSS No. 1 a t  w = 1.8%. 
The relat ionship between cohesion (c) and void ratio f o r  LSS 
(w = 2.0%) can be represented mathematically, within the range of 
ratios of i n t e r e s t ,  as follows: 
a t  
No.  2 
void 
(1-3) 
0.1 I .o 
I 
1-11 
io.0 
Fig. 1-6. Relationship between I and pre-shear void r a t i o ,  ece 
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2 ere c = cohesion, gm/cm 
e = void ratio.. 
Cohesion values at other water contents may be estimated from Figure 
1-7 by interpolation. 
F r i c t i o n  A n g l e ,  + 
Equation (1-1) was used to compute bdf for different void ratios at 
values ranging from 0.05 to 0.4 kg/cm2. This allowed the determination O 3 f  
of the friction angle, 0, for several values of void ratio before,shear, ec. 
Figure 1-8 shows the obtained relationship between tan Cp and l/ec. 
Although the data showed a small decrease in $I value with confining pres- 
sure, which is usual, the single line shown on Figure 1-8 provides a 
suitable average value for the range of confining pressures considered. 
The slope of the line in Figure 1-8 is slightly greater than was found 
for LSS No. 1. 
'af A x i a l  Strain a t  Failure,  
The test data indicate that the relationship between axial strain 
at failure, E and pre-shear void ratio, e , can best be approximated 
by straight lines on a semilog plot for different values of a 
1-9 shows this relationship. af 
LSS No. 2 was observed, but this has been observed for several other 
granular soils as well. Fortunately, analyses have shown that the tangent 
to the stress-strain curve, an important parameter whose development is 
described in following paragraphs, is not highly sensitive to the strain 
3f' 
at failure. Values of E 
Linear relationships were found between IS /E and u3f for different 
values of e as shown in Figure 1-10. This relationship can he described 
by the hyperbolic equation: 
af' C 
Figure 
values for 
3f' 
Considerable scatter in the E 
were then crossplotted with values of IS af 
3f af 
C I  
- O3f 
'af a + b 03f (1-4) 
(for 03f in kg/cm2 and E 
3f 
in percent) af 
where a = intercept at (T = 0 
b = slope of the line in Figure 1-10. 
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Fig. 1-8. Relationship between 4 and void ratio for LSS No. 2. 
40.0 
20 .o 
do 
* 10.0 
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e C  
Fig. 1-9. Relationship between axial s t ra in  a t  fa i lure  
and void rat io .  
1-16 
Fi g. 1-10. Transformed pl o t  o f  hyperbol i c re1 ati onshi p between 
axial strain a t  failure and confining pressure. 
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The var ia t ions  o f  a agld b with void r a t i o  are shown i n  Figures 1-11 
-12, respectively.  These ' re la t ions can be described mathematically 
as follows. 
From Figure 1-11, 
and from Figure 1-12, 
P b =  
(10) ec 
(1-6) 
Tangent Modulus for Plane S t r a i n ,  E 
tPS 
As is t h e  case fo r  almost a l l  soils, the  re la t ionship  between the  
pr inc ipa l  stress difference,  CI , and t h e  ax ia l  s t r a i n ,  8 is  nonlinear. 
The relationship.  between u 
d a'  
and E: 
d a a t  any stress level (od/cfdf = 6, where n 
is  the  p r inc ipa l  stress difference a t  f a i l u r e )  may be described i n  df 
terms of a tangent modulus, E . The tangent mdulus f o r  plane s t r a i n  
can be defined as: 
tPS 
E = -  
t p s  dEa 
(1-7) 
The procedure f o r  determination of E is as follows. 
tPS 
The stress l eve l ,  6 ,  was plot ted versus the normalized a x i a l  s t r a i n  
\ -  
(Ea/Eaf = Ea) . The data  are shown i n  Figures 1-13, 1-14, and 1-15. The 
p l o t s  indicate t h a t  the re la t ionship  between 6 and 
assumed t o  be independent of e 
s t r e s s - s t r a in  curves from Figures 1-13, 1-14, and 1-15 are rep lo t ted  i n  
Figure 1-16, which shows t h a t  a s ingle ,  normalized s t r e s s - s t r a in  curve 
can be used with only s m a l l  s a c r i f i c e  i n  accuracy. The advantage of 
using the s ing le  so l id  curve shown i n  Figure 1-16 is t h a t  the re la t ionship  
between and E is independent o f  confining pressure. 
can reasonably be 
The three normalized 
a 
for  cr3 = constant,  
C ,  
- 
a 
The normalized s t r e s s - s t r a in  curve can be represented reasonably 
w e l l  by a hyperbola. Hyperbolas have been found by several  inves t iga tors ,  
(Konder and Zelasko 1963; Duncan and Chang, 1969; and Kulhawy and 
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Fig. 1-11. Relationship between intercept ,  a ,  and void r a t i o .  
Fig. 1-12. Relationship between slope, b ,  and void r a t i o .  
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I .o 
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.I 
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N O R M A L I Z E D  A X I A L '  S T R A I N  6, 
Fig. 1-13. Normalized stress-strain curve for 
confining pressure = 0.05 kg/cm2. 
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N O R M A L I Z E D  A X I A L  S T R A I N  , E ,  
Fig. 1-14. Normalized stress-strain curve for 
confining pressure = 0.1 kg/cm2. 
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Fig. 1-15. Normalized stress-strain curve for  
confining pressure = 0.4 kg/cm2. 
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Fig. 1-16. Average normalized stress-strain curve. 
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Duncan, 1970) t o  represent s t r e s s - s t r a in  curves qui te  s a t i s f a c t o r i l y  
up to  the  point  of peak deviator  stress, 
is  
The equation of t h e  hyperbola. 
a - D =  I 
a a + G E  
where a and 6 are the  in te rcept  and slope, respec t ive ly ,  of the  
transformed plot shown i n  Figure 1-17 which indicates  t h a t  E /D v a r i e s .  
l i nea r ly  with E . a a - 
From Figure 1-17, a = 0.485 and 6 = 0.475. Since 1/- represents the a 
ratio of stress to  s t r a i n  a t  zero s t r a i n ,  it is analogous t o  an i n i t i a l  
tangent mdulus,  Ei, f o r  an ordinary s t ress-s t ra in  curve. Since the 
s t ress -s t ra in  curve has been normalized i n  Figure 1-17, the Actual value 
of E .  is given by: 
3. 
U 
€ 
df - - 
Ei 
-  
af 
Ei (1-9) 
1 where Ei - 
a 
- .  
It is  important t o  note t h a t  the s t ress -s t ra in  parameters described 
herein were developed f o r  loading conditions where the  confining pressure 
is held constant during application of shear stress. Thus, the value of 
, (T3f, is equal to  the value of CI a t  the  confining pressure a t  f a i l u r e  
beginning of shear. Because (T and E are both influenced by (T t o  
d i f fe r ing  degrees, the influence of U on the  i n i t i a l  tangent modulus, 
Ei, is  not immediately apparent when normalized s t ress -s t ra in  curves are 
used. As an example, to  show the var ia t ion of E.  with confining pressure,  
a typical value of void ratio, e = 0.8 w a s  selected and values of E 
C i 
were computed using Equation (1-9). 
i n  a log-log p l o t  as shown i n  Figure 1-18. The equation of t h i s  l i n e  
is 
, 3 
df af 3f 
3f 
1 
3f' These values w e r e  p lot ted versus U 
n 
Ei (1-10) 
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Fig. 1-17. Transformed plot of hyperbolic relationship between 
normalized axial  strain and normalized principal 
stress difference a t  fa i  1 ure. 
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.01 0. I 1.0 
Fig. 1-18. Relationship between Ei and confining pressure 
for ec = 0.8. 
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ere p is atmospheric pressure and k and n are constants. 
value of n for the pressure range shown in Figure 1-18 is abut 0-45. 
The average a 
The value of in Equation (1-8) is the inverse of the value of the 
horizontal asymptote that 6 approaches as the strain becomes infinitely 
large. 
failure-stress level, 6 
curves. Values of 6 
to represent the stress-strain curve continues to rise after 6 reaches 1. 
This presents no particular problem, however, since real values of 6 can- 
not exceed unity, and no computations are made using greater values of 
this parameter. 
The value of this horizontal asymptote may be called the hyperbolic 
I and is useful in describing stress-strain fh 
greater than 1 indicate that the hyperbola used fh 
The failure ratio, Rf, is defined as 
- 
R f = Df/cfh = l/Dfh 
and is commonly used in describing hyperbolic stress-strain curves. 
can be evaluated from Figure 1-17. 
It 
The value of the plane strain tangent modules, Etps 1 is the slope 
of the stress-strain curve. 
E = - .  
tps dea 
If the stress-strain curve is represented as a hyperbola, differentiation 
yields the following result: 
where ad = principal stress difference 
= hyperbolic principal stress difference at failure ‘dfh 
= initial tangent mdulus. Ei 
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I n  terms of stress levels ,  Equation (1-12) becomes 
or 
(1-13) 
Equation (1-13) can be used in  an incremental nonlinear elastic ' 
analysis t o  compute the p lane  s t r a i n  tangent modulus f o r  any void ratio,  
confining pressure,  or stress level,  
The var ia t ion  of Poisson's r a t i o  with s t r e s s  leve l  is  also needed f o r  
such an incremental nonlinear elastic analysis .  The var ia t ion  of Poisson's 
ratio may be evaluated with knowledge of t he  r a t i o  of lateral s t r a i n  to 
axial s t r a i n ,  as discussed ' in  the  following section. 
R a t i o  of 
The 
Latera l  S t r a i n  t o  Ax ia l  S t r a i n  a t  F a i l u r e ,  
test data indica te  t h a t  the ra t io  (ER/€a)f  var ies  l i nea r ly  w i t h .  
e fo r  d i f f e ren t  values of (5 as shown i n  Figure 1-19. For convenience, 
E w a s  assumed posi t ive f o r  extension. Values of (E /E 1 and 03f w e r e  
taken from Figure 1-19, and a l inear  re la t ionship w a s  obtained when 
( E ~ / E , )  w a s  p lo t ted  vs log 0 for  ec = constant,  a s  shown i n  Figure 1-20. 
This re la t ionship may be expressed by the equation 
C 3f 
R R a f  
3f ' 
= IR + s log (1-14) 
where IR = in te rcept  a t  0 = 0.1 kg/cm2 3f 
and S = change i n  E /E for  1 log-cycle of 0 which is i n  kg/cm2 Rf af 3f 
slope. 
The in t e rcep t  I a s  w e l l  as the slope S were found to  be l i nea r ly  R 
re la ted  t o  e as shown i n  Figures 1-21 and 1-22, respectively.  Hence, 
C ,  
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Fig. 1-19. Variation o f  r a t i o  o f  l a t e r a l  s t ra in  t o  axial  s t ra in  
with pre-shear void r a t i o .  
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Fig. 1-21. Relationship between IR and void r a t i o .  
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e, 
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Fig. 1-22. Relationship between S and void r a t i o .  
Lkre following equations may be used t o  express t h e i r  values: 
IR = U -+ V e 
C 
S = Y + Z e c  
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(1-15) 
(1-16) 
where 
u = in te rcepts  a t  e = 0 
Y = in te rcepts  a t  e = 0 
V = slopes 
2 = slopes . 
C 
C 
Tangential Lateral Strain Ratio far Plane S t r a i n ,  (E /E ) R a tps 
The volume changes associated with shear may be described by the  r a t i o  
of ER/Ea, a t  any stress l eve l ,  6 ,  or a x i a l  s t r a i n ,  E . This r a t i o ,  E /E a R a' 
is not constant,  nor does 
change in  E with respect R 
it vary l inear ly  with 6 o r  E . 
to  E may be defined as: 
The instantaneous a 
a 
- dER (1-17) 
dEa 
An equation allowing - 
D, w a s  developed a s  follows. 
t he  computation of (E /E ) a t  any stress Level, 
!t a tp s  
- 
The normalized axial  s t r a i n s ,  Ea/Eaf - Ea' w e r e  p lo t ted  versus the  normal - 
ized lateral s t r a i n s ,  E /E = & as shown in  Figures 1-23, 1-24, and 
1-25 fo r  0. 
R Rf R' 
= 0.05,, 0.1, 0.4 kg/cm2, respectively.  3f 
C'  
The re la t ionship  between-ER and E i s  essent ia l ly  independent of e a 
as can be observed from the  p lo ts .  Hyperbolic representations of these 
curves w e r e  made i n  a manner s i m i l a r  t o  that used f o r  the  s t r e s s - s t r a in  
curves discussed previously. Hyperbolas have been used fo r  l a t e ra l - s t r a in  
var ia t ion by other  invest igators  (Kulhawy and Duncan, 1970). The 
transformed p l o t s  of the hyperbolic representation are shown in  
Figure 1-26. R a  
' \  
- 
A l l  l i nes  can reasonably be passed through ( E  / E  1 = ER = 1.0. - 
Values of the inverse of the  intercepts ,  (I,), a t  E = 0 a re  re la ted  R 
l i nea r ly  t o  log 0 as  shown by Figure 1-27, 3f' - 
Therefore, the hyperbolic re la t ionship between E and ER may be a 
expressed a s  follows : - 
€ 0  x - 
& =  (1-18) a -  I E +ER 
-3 2 
0 
IW 
- 
f 
a 
4 
c 
v) 
- 
NORMALIZED LATERAL S T R A I N ,  Et . 
Fig. 1-23. Variation o f  normalized lateral  s t ra in  w i t h  
normalized axial s t r a i n  for  a3f  = 0.05 kg/cm2. 
1-33 
I .O 
.6 
a 
0 ! 0.4 
w : 1.9 */e 
Q S f  I 0.1 KSC 
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N O R M A L I Z E D  L A T E R A L  S T R A I N  , fg 
Fig. 1-24. Variation o f  normalized lateral  s t ra in  with 
normalized axial s t ra in  for  a3f = 0.1 kg/crn2. 
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Fig. 1-25. Variation of normalized lateral  s tra in  w i t h  
normalized axial s tra in  for  aSf  = 0 .4  kg/cm2. 
1-35 
0 
Fig. 1-26. Transformed hyperbol ic  plot for normal ized 
lateral strain. 
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Fig. 1-27. Relationship between inverse o f  intercept, IC, and a3f .  
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- 
ere i = intercept a t  E% = o 
E 
and = slope of t he  l i n e  f r o m  Figure 1-26. 
From Figure 1-27, 
or 
where 
1 
J + N loglo CT3f 
- - 
'E 
J ' =  in te rcept  a t  ff = 1 kg/cm2 3f 
(1-19) 
N = slope = change i n  1/? f o r  1 log cycle of cJ which is 
E 3f' 
i n  kg/cm2, 
and from Figure 1-26, , - 
1.0 - IE - 
1.0 d =  (1-20) 
Equation (1-18) may be solved for  E and d i f fe ren t ia ted  t o  obtain:  R 
or 
(1-21) 
Equation (1-8) may be used t o  eliminate E 
first subs t i tu t ing  
from Equation (1-211, a f t e r  a 
- 1  a = -  - 
Ei 
and = Rf .  
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Thus 
7- I 
E: 
2 
"R 
I_ 
E a 
PS 
(1-22) 
The values of E and from Equations (1-13) and (1-22) d y  
tPS 
be used i n  anincremental nonlinear elastic analysis  t o  compute the  correspon- 
ding values of t he  incremental Young's modulus, Et ,  and Poisson's r a t i o ,  Vt ,  
from Equations (1-231 and (1-24),  which w e r e  obtained by simplifying Hooke's 
l a w  f o r  plane s t r a i n .  
(1-23) 
Et .=  E tPS (1 - v:) . (1-24) 
These values of E and V t t may then be,used i n  f i n i t e  element analyses 
o r  other  ana ly t i ca l  methods t o  solve problems re la ted  t o  lunar  surface 
loadings, such as p l a t e  load tests, boot imprints,  and trench wall f a i l u r e s .  
The preceding analyses w e r e  made using da ta  obtained from a plane- 
s t r a i n  test series on LSS No. 2 a t  a water content of 1.9%- A similar test  
I 
series w a s  performed, fo r  a w a t e r  content of 1.0% t o  determine the e f f e c t  
of cohesion (see Figure 1-7) on the s t r e s s - s t r a in  parameters, and the  same 
analyses w e r e  made. Many of t he  parameters turned out  t o  be the same f o r  
both w a t e r  contents ,  but  some varied s igni f icant ly .  The da ta  showed t h a t  
t he  s h i f t  i n  a s t r e s s - s t r a in  curve due t o  a moistqre content va r i a t ion  of 
only 0.1% is  negl igible .  
The s t r e s s - s t r a in  parameters f o r  both w = 1.9% and w = 1.0% are 
,suqmarized i n  Table  1-1. The equations r e l a t i n g  stress and s t r a i n  are 
summarized below. 
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af ence ai? Fai lure ,  0 
(for G 3 E  and 0 i n  kg/crn2 af 
Axial S t ra in  a t  Fai lure ,  E a f  
F a =  
(lo)h 
P b =  
(10) Qec 
- O3f 
'af, a + b 03f 
(for 03f in.kg/cm2) 
Tangent Mbdulus for  Plane S t r a i n ,  E 
t P S  
R f = C '  
Ratio of Lateral  S t ra in  to  Axial S t ra in  a t  Fai lure,  E /E (L a)f 
IR = U + Vec 
S = Y + Z e c  
(1-11) 
(1-13) 
I (1-15) 
(1-16) 
( for  cT3= i n  kg/cm2) 
Tangential ia tera l  Strain R a t i o ,  
1/zE = J + N ,loglo 
* ( for  i n  kg/cm2) 
(1-19) 
(1-22) 
T h l e  1-1. S m a r y  of s t ress -s t ra in  parameters for  LSS. No. 2 
a t  water , 'contents of 1.9 and 1.0 %. 
Par'ameter 
L 
M 
Gf 
F 
h 
P 
Q - 
Ei 
'3.128 1.99 
1.165 0.815 
0.964 0.875' 
0.360 ~ 0.0362 
2.301 0.9675 
2.97 4.58 
2.21 2.50 
2 .Q6 2.06 
Parameter 
b 
U 
W( %) 
.. 1.0 1.9 
0.475 0.475 
1,713 1.713 
-1.303 I -1.303 
-0.218 , -0.218 
-0.0933 -0.0933 
1.78 1.68 
0.45 0.30 
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HSIONAL COMPRESSION CHARACTERISTICS 
One-dimensional compression tests (confined compression) were 
performed on specimens with different initial densities, 
water content, w = 1,0% and a series with w = 1.9% were performed so 
A series with 
that the influence of cohesion variations could be determined. The 
specimens were compressed in 2,8-inch-diameter, 1-inch-high, teflon- 
lined consolidation rings e 
The compression data obtained from these tests were plotted as 
conventional e-log (I plots. Two example compression curves are shorn- 
in Figure 1-28. For both the 1.0% and 1.9% water contents it was found 
thaqfor mathematical description, the compression curves could be 
represented adequately by two straight lines and occasionally by one 
straight line in the case of high initial void ratio specimens. 
A total of nine specimens were tested at various initial densities. 
For eqch specimen the value of void ratio at compressive stresses of 
CT = 1, 10, 40, 100, and 1000 g/cm2 were observed and crossplotted to 
generate compress5on curves for specimens of intermediate initial density 
by interpolation. The compression curves thus obtained are shown in 
Figures 1-29 and 1-30. Each curve is identified by its initial void 
ratio, e , which corresponds to the void ratio of the specimen in the 
compression ring immediately after placement. 
straight-line segments of the compression curves are 
i 
The equations of the 
e = e - c log 0 (for 1 < 10 g/cm2). l a  (1-25) 
and 
The applicability of Equation (1-25) is limited to stresses greater 
than 1 g/cm2 as indicated, but this presents no serious problem because 
compression under stresses less than 1 or 2 g/cm2 was found to be negligible. 
For a limited number of computations it is probably most practical 
to determine the change in the void ratio that accompanies a given change 
in stress by entering Figures 1-29 and 1-30 directly. The curves for 
intermediate values of e can be interpolated graphically. The stress i 
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corresponding t o  e 
specimen a t  mid-depth before application of external load. This i n i t i a l  
stress averages about 2 g/cm2. 
is the average gravity stress on the compression i 
For more numerous computations, it may be more practical to  compute 
void r a t i o  changes with a computer program. For programming, the 
parameters ei, car elO, and % must be evaluated and r e l a t ed  t o  the  
i n l t i a l  void r a t i o ,  e and water content, w. i' 
e = void r a t i o  a t  cf = 1 g/cm2 (obtained by extrapolation) 
C = A e  between CT = 1 and cf = 10 
i 
a 
10 
B 
C = void r a t i o  a t  0 = 10 
C = A e  between cf = 10 and d = 100. b 
O f  course only three of the parameters are independent since 
e = e  - c  . (1-27) 
10 1 a 
It w a s  found t h a t  the relat ionship between e and ei could be 1 
s a t i s f a c t o r i l y  represented a s  a s t ra ight  l i n e  on an ar i thmetic  p l o t ,  as 
shown i n  Figure 1-31. The equation of the l i n e  is  
e = m e  + r  . 
1 l i  1 
(1-28) 
The values of ml and r f o r  w = l , O %  and 1.9% are shown on Figure 1-31. 
1 
The relat ionship between c and e a i w a s  best  represented as a s t r a i g h t  
l i n e  on a log-log p lo t ,  as shown i n  Figure 1-32. The equation expressing 
t h i s  re la t ionship is  
n 
(1-29) a C = K  e a a i  
The values of Ka and,n f o r  w = 1.0% and 1.9% a re  shown on Figure 1-32. a 
the void r a t i o  a t  d = 1000 g/cm2, is much 1000 ' Because the value of e 
less variable than cb, it is useful t o  relate elOOO and ei and calculate 
Ch by 
(1-30) 
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INITIAL VOID R A T I O  , e i  
Fig.  1-31. Relationship between e ,  and ei. 
7 
- 
1.6 0.10 4.7 
1.9 ‘0.001 5 .3  
0.1 1.0 I0 
I N I T I A L  VOID R A T I O ,  e i  
Fig. 1-32. Variation o f  ca w i t h  ei for 1-D compression tests. 
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and e w a s  found t o  give the best 1000 i The re la t ionship  between e 
s t r a i g h t  l i n e  when e./e 
p l o t  as shown i n  Figure 1-33, 
w a s  plot ted versus e on an ar i thmetic  
1 1000 i 
The equation is 
1000ei + d l ~ ~ ~  = c  e '  1000 
or 
e: 
I e E 
looo , C ~ O O O e i  + d~~~~ e 
(1-31) 
for  w = 1.0% and 1.9% a re  shown on Figure and dlooo The values of blobo 
1-33. 
In  view of the f a c t  t h a t  the influence of water content on the  
compression parameters is r e l a t ive ly  s m a l l ,  it is recommended t h a t  
interpolat ions and small extrapolations f o r  values of w other  than 1.0% 
and 1-9% be made on a s t ra ight - l ine  basis .  Accordingly, 
= 1.082 - 0.022 W. w - 1.0 m. = 1.06 - 0.02 
1 1.9 - 1.0 
Similarly, 
r l =  0.011 w - 0.041 
ka = 0.1433 - 0.0433 w 
n = 4.033 + 0.667 W a 
1000 
= 1.442 - 0.267 w C 
= 0.32 + 0.122 W. d l O O O  
(1-32) 
(1-33) 
(1-34) 
(1-35) 
(1-36) 
(1-37) 
The one-dimensional compression curves defined above are expected t o  
represent the  void ratio-stress relat ionship for both the lunar soil 
simulant and the  actual  lunar soil.  One of the uses of such curves is 
t o  compute the change in  void r a t i o  which occurs a s  a r e s u l t  of compression 
of a s o i l  l ayer  under its own weight. 
compression implies t h a t  the s o i l  deposit  w a s  b u i l t  up in  small l ayers  and 
t h a t  each layer  w a s  subsequently compressed by the weight of overlying s o i l .  
The occurrence of gravity-induced 
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0.5 1.0 
INITIAL V O I D  RATIO , e i  
I .5 
Fig. 1-33. Hyperbolic representation of  relationship 
between ei and e l o o o  for 1 - D  compression tests. 
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steps. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
The void ratio-stress relationship for gravity-induced compression 
can be computed for a known value of water content, w, and initial void 
ratio at the surface of the deposit, e by the following series of i' 
Compute values of mlt rlt kaI naI cloooI and dlOOO from 
Equations (1-32) through (1-37). 
Compute el from Equation (1-28) 
e = m e  + r  1 l i  1 
Compute c from Equation (1-29) a 
n c = K e  a a a i  
from Equation (1-31) 1000 Compute e 
Compute e from Equation (1-27) 10 
e10 = el - c a 
Compute c from Equation (1-30) b 
e - e  10 1000 
2 
c =  b 
Compute'the final void ratio corresponding to any desired 
stress by Equations (1-25) and (1-26). 
e = el - ca log 0 (for L < o < 10 g/cm2) 
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The values of e and w are needed to  generate the compression i 
curve as out l ined i n  the proceding steps. Although e is  frequently 
known, in  the more general casepan element of s o i l  may be known t o  
e x i s t  a t  some void r a t i o ,  e and some stress G 
be s igni f icant ly  less than e The computation of subsequent compression 
requires the determination of the compression curve on which the point  
(Go, e ) lies, 
0 
Figures (1-29) and (1-30) with the values Go and e 
interpolat ing t o  find the r i g h t  compression curve and the corresponding' 
value of e . For values of wother  than 1.0% and 1.9%, graphical i n t e r -  
polation can be made using both Figures (1-29) and (1-30) and s t ra ight - l ine  
interpolat ion can be used. It may be noted t h a t  for  r e l a t ive ly  small 
changes in  stress sa t i s fac tory  accuracy can be obtained by ignoring water 
content. 
1 
The value of eo, may 0' 0 "  
i" 
Again, t h i s  determination is most eas i ly  made by enter ing 
and graphically 
0 
i 
For the case i n  which the solution i s  t o  be obtained using a computer 
program, the interpolat ion described in  the preceding paragraph may be 
accomplished as follows : 
from rl' ka' na' c l ~ ~ ~ '  and d~~~~ 1. Compute values of 
Equations (1-32) through (1-37) as  i n  Step 1 above. 
2.  Solve the following s i x  equations simultaneously for  the 
1, C a I  el0, Cbr e unknown parameters e e i' 1000' 
1 e = m e  + r  1 1 i  
n c = k e  a a a i  
e: 
.I. = -  e 
'Oo0 c~~~~ ei + d l O O O  
e = e  - C  
10 l a  
e - e  10 1000 
2 
c =  b 
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e = e - c log a' (for a. < 10) 0 l a  0 
or 
e = e  - c l o g  ( for  a. > 10) . 0 10 b 
The parameters thus obtained may be used in  Equations (1-25) and 
(1-26) t o  compute the decrease in  void ratio due t o  increasing the stress 
above the ex i s t ing  value, a 0' 
The preceding development of compression parameters f a c i l i t a t e s  the 
computation of the densif icat ion caused by any one-dimensional loading 
of the LSS s t a r t i n g  from any reasonable values of i n i t i a l  density and 
compressive stress. The s a m e  parameters can be used fo r  similar computa- 
t ions  for  t he  actual  lunar s o i l .  The accuracy of these computations is 
expected t o  be consis tent  with t h e  degree t o  which the LSS matches the 
actual lunar soil. 
DETERMINATION OF DENSITY VARIATION WITH DEPTH 
Stress-s t ra in  re lat ionships  for the LSS depend very 
density or  void r a t i o .  Therefore, any detai led analysis 
deformation behavior of the  LSS or the ac tua l  lunar s o i l  
heavily on i n i t i a l  
of the stress- 
requires knowledge 
of the var ia t ion  of i n i t i a l  density with depth for  the soi l  deposit .  
- 
If densif icat ion of a s o i l  deposit has occurred due t o  the weight of 
overlying s o i l ,  the one-dimensional compression parameters developed i n  
the preceding sect ion can be used t o  relate void r a t i o  to  depth. I t  i s  
possible t o  .derive ana ly t ica l  re la t ionships  between average density and 
depth as w a s  done for  Lunar Soi l  Simulant No. 1 and reported in  the  detai led 
Technical Report (Mitchell and Houston, 1970) submitted t o  MSFC i n  January 
1970. However, the descriptiun of the e-loa XT curves as two s t r a i g h t  l i n e s  
instead of one makes the relat ionships  t o  be derived much too cumbersome. 
Instead, Figures 1-29 and 1-30 were used t o  graphically develop the  density 
prof i les  shown i n  Figures 1-34 and 1-35. 
I.-SJ 
0 -  
Q) 
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Fig. 1-35. Variation o f  vo id  r a t i o  w i t h  depth f o r  LSS No. 2 
a t  w = 1.9% w i t h  t e r r e s t r i a l  g rav i ty .  
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The void r a t i o  a t  the surface ( a  = 0) represents the value of 
e f o r  each p r o f i l e ,  
obtained by in te rpola t ion .  
P ro f i l e s  fo r  intermediate values of ei may be i 
Figures 1-36 and 1-37 show how the average void r a t i o l  e ave ’ 
depends on the  i n i t i a l  void r a t i o ,  e (. Because void r a t i o  var ies  with 
depth, the value of e depends on the t o t a l  depth of deposit.. The 
average void r a t i o  for  the top  15 cm (% 6 inches) w a s  adopted f o r  
comparison of depths of foo tp r in t s  and penetrat ion res i s tances  discussed 
i n  later sect ions.  
i 
ave 
The top 6 incxes was chosen because it is expected t o  exer t  the  
s t rongest  influence on the  foo tp r in t  depth and penetrat ion resis tance.  
Through in te rpola t ion ,  Figures 1-36 and 1-37 may be used t o  determine 
the  value of e for  the top 15 cm of any deposit  of LSS No. 2 ,  provided 
t h a t  eave,is known fo r  any depth between 15 and 80 cm and t h a t  compression 
has occurred due t o  the weight of overlying s o i l .  Figures 1-36 and 1-37 
f a c i l i t a t e  easy conversion of average void r a t i o  f o r  one depth t o  average 
void r a t i o  f o r  another depth. 
ave 
Similar cha r t s  were prepared for  the  ac tua l  lunar  soil under lunar 
grav i ty  (Figures 1-38 and 1-39), These p r o f i l e s  w e r e  developed by 
assuming t h a t  the  compressibil i ty parameters of the  ac tua l  lunar s o i l  
are most c lose ly  matched by those of LSS No.  2 a t  w = 1.9%. A water 
content of 1.9% w a s  chosen because cohesion s tudies  have indicated t h a t  
the cohesion of LSS No.  2 a t  t h i s  water content is c loses t  t o  the best 
estimates thus  f a r  obtained f o r  the  ac tua l  lunar  s o i l ,  Since the  weight 
of overlying material on the  moon i s  only about one-sixth of  the corres- 
ponding stress under terrestrial gravi ty ,  dens i f ica t ion  with depth is 
less pronounced on the  lunar  surface than on ear th .  
PLATE WAD TESTS 
Plate load tests were conducted on the lunar s o i l  simulant i n  a test 
b in  3.5 f e e t  wide, 4 f e e t  deep, and 7 f e e t  long. 
made up of t w o  2-foot-high removable rectangular sections.  These sec t ions  
may be used separately.  Separate use of these sect ions allows the tests t o  
be conducted on any depth of s o i l  and reduces the e f f o r t  of emptying and 
f i l l i n g  the test bin.  The d e t a i l s  of the  equipment and the  t e s t i n g  pro- 
cedures are  discussed below. 
The wooden t e s t  b in  is 
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Fig.  1-36. Variation o f  average void r a t i o  w i t h  i n i t i a l  void r a t i o  
f o r  LSS No. 2 a t  w = 1 .O% w i t h  t e r r e s t r i a l  g rav i ty  f o r  
various d e p t h s  o f  deposi t .  
1-57 
I .4 1.2 I .o Q .e 0.6 
‘i 
Fig. 1-37. Variation o f  average void r a t i o  w i t h  i n i t i a l  void r a t i o  
for LSS No. 2 a t  w = 1.9% w i t h  t e r r e s t r i a l  g rav i ty  f o r  
various depths o f  deposit. 
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Fig. 1-38. Predicted va r i a t ion  of  void r a t i o  w i t h  depth f o r  
actual  l una r  soil under luna r  g rav i ty  
(compression parameters correspond t o  w = 1.9%) 
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Fig. 1-39. Predicted var ia t ion  o f  average void r a t i o  with i n i t i a l  
void r a t i o  f o r  actual  lunar  s o i l  under  lunar  g r a v i t y  
(compression parameters correspond t o  w = 1.9%). 
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Soil  Placement 
A s  reported earlier (Mitchell and Houston, 19701, the  placement density 
depends on the height of drop, other  f ac to r s  being constant.  This f a c t  
w a s  u t i l i z e d  i n  the development of the  placement technique. The s o i l  
placement equipment is  shown i n  Figures 1-40a, 1-40b, 1-41, and 1-42. 
Br ie f ly ,  t h e  placement technique is as follows. The lunar s o i l  simulant 
is placed i n  a large spreader box (Figures 1-40a and 1-40b) with a 
triangular cross sect ion (Figure 1-40b). A cy l indr ica l  steel s h a f t  occu- 
pies an opening i n  the  bottom of the box. This s h a f t  is capable of  
ro t a t ion  about i ts  long a x i s  , t h u s  f a c i l i t a t i n g  the removal of t he  s o i l  
from the  spreader box. The s h a f t  i s  driven by an e l e c t r i c  motor mounted 
on the  s ide  of  the spreader box (Figure 1-40a). A wooden board i s  
suspended from t h e  spreader box immediately under the  ro t a t ing  s h a f t  to  
absorb the  k i n e t i c  energy'of t he  s o i l  p a r t i c l e s  by breaking t h e i r  height  
of  drop, thus yielding uniform low-density deposi ts .  This board i s  ra i sed  
or removed when medium t o  dense deposi ts  are required.  
The spreader box i s  suspended from a gantry by adjustable  cables. 
The gantry i s  chain-driven by an electric motor. This frame can be moved 
forward and backward, thus allowing t h e  spreader box t o  deposi t  soi l  
along the f u l l  width of t h e  tes t  bin. A s  the  s o i l  deposi t  bui lds  up, the  
spreader box is elevated t o  maintain a constant  height of drop. I t  w a s  
found that some vibrat ion of  the  spreader box is  required f o r  a contin- 
uous downflow of s o i l .  For t h i s  purpose, an e l e c t r i c  vibrator  is 
connected t o  the  spreader box by a chain extending from one end of t he  
box t o  the  other .  
The electric motors are  operated from one conveniently located control  
\ 
panel. 
The loading equipment includes a hydraul ical ly  ac t iva ted  loading 
apparatus (Figures 1-43 and 1-44), cons is t ing  of th ree  bellofram loading 
pis tons i n  series. The load is transmitted t o  the p l a t e  by a s h a f t  t h a t  
extends through and is r i g i d l y  connected t o  the  three  pis tons.  The t w o  
l o w e r  p i s tons  apply,a  load downward. 
bellofram p i s tons  are d i f f e ren t .  The smaller pis ton (cyl inder  N o .  1 
The e f f ec t ive  areas of these two 
1-61 
90 
Y 
u * 
(L c 
W 
t) 
(li 
2 
90 
W 
-I 
e 
0 
I- 
0 
0 
P 
3 
v) 
a 
x 
a 
W 
CI- 
4 
W 
(L 
e 
on 
c 
Ir 
Q 
2: 
90 
.(D 
P. 
I- 
O 
(L: 
?r 
a 
Ia 
0 e 
I 
I-- 
5. 
L L  
*I- 
X 
0 
m 
m 
W 
4 
w 
(L: 
90 
a 
a 
c 
@& e 
I on 
E 
a 
a 
c 
c 
0 
1-62 
Fig.  1-41. S o i l  placement equipment. 
Fig. 1-42. S o i l  placement equipment, 
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Fig. 1-43. Schematic diagram fo r  p l a t e  loading device.  
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Fig. 1-44. P la te  loading device. 
Fi  g. 1-45. Supporti ng frame. 
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i n  Figure 1-43) is  ac t iva ted  i n  the l o w  load range to obtain higher 
s e n s i t i v i t y ,  and the  larger p i s ton  ( i n  cyl inder  N o .  2 )  is ac t iva ted  f o r  
higher loads. Maximum loading capacity is  obtained by ac t iva t ing  both 
p is tons  simultaneously. The t h i r d  p is ton  ( i n  cylinder N o .  3 )  is  i n  a 
reversed pos i t i on  and applies an upward load. 
t h e  weight of any s i z e  plate  and f a c i l i t a t e s  zeroing t h e  load and posi- 
t ion ing  the plate. 
i f  t h e  f u l l  weight of a heavy p l a t e  w e r e  applied. 
allows the  gradual appl icat ion of  the f u l l  weight of any plate. 
I t  can be used t o  balance 
For loose so i l s ,  plate penetrat ion would be excessive 
The t h i r d  p is ton  
The v e r s a t i l i t y  of t h e  apparatus i s  improved by the provision of a 
r e l a t i v e l y  large pis ton stroke (6.25 inches) .  Furthermore, the hydraulic 
system a l l o w s  f o r  the appl icat ion of t h e  load e i t h e r  incrementally or 
continuously a t  any desired loading rate or  a t  a constant deformation 
rate. 
The plate load tes t  equipment also includes a supporting frame, which 
cons is t s  of t w o  aluminum channels spanning across the  tes t  box. The 
heavy supporting frame acts as a react ion f o r  the loading piston. The 
supporting beam f o r  the cyl inder  is  connected by bolts t o  two channeled 
aluminum columns, which are individual ly  supported on wheels and are 
therefork e a s i l y  moveable. The supporting beam e leva t ion  i s  e a s i l y  
adjusted t o  allow t e s t ing  any depth of s o i l  deposi ted. in  t h e  tes t  b i n  
(Figure 1-45).  
T e s t  P l a t e s  
Three d i f f e r e n t  size aluminum p la t e s  w e r e  used. A l l  p l a t e s  have 
a length-tolwidth r a t i o  of  5:1, and the following dimensions: 
1 X 5 inches, 1 inch th ick  
2 X 10 inches,  2 inches th ick  
4 X 20 inches, t russed p l a t e s  1 2  inches th ick  a t  center ,  taper ing 
to  2 inches th ick  a t  t he  ends. 
T e s t  P r o c e d u r e  
Three d i f f e ren t  s o i l  dens i t i e s  ranging from loose t o  dense w e r e  
used for  t h e  plate load tests. 
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The low-density s o i l  deposi t  w a s  obtained using a s o i l  f r ee - f a l l  of 
about 2 inches, The f r ee - f a l l  for  the medium density s o i l  deposit  w a s  
26 inches. 
so i l  using a 26-inch f r ee - f a l l  i n  4-inch l i f t s .  Then a 3.5-by-2.0-ft 
board 1-inch th ick ,  w a s  placed on the surface of each l i f t .  The s o i l  
w a s  densif ied by vibrat ion using a rotary vibrator placed on the board 
The dense soi l  deposi t  was obtained by f i r s t  depositing the  
fo r  a period of 2 minutes. 
Vibration ra ther  than s ta t ic  load alone w a s  used f o r  densif icat ion 
f o r  the following reason, I f  a s t a t i c  v e r t i c a l  stress large enough to' 
achieve the s a m e  densif icat ion as for  vibrat ion had been applied, t he  
upper layer of s o i l  would have been ef fec t ive ly  over-consolidated when 
the  stress w a s  removed, Abnormally high horizontal normal stresses would 
have been "locked in" i f  t h i s  procedure had been followed. The "locked 
in"  stresses are expected t o  be lower f o r  vibratory compaction than for  
s ta t ic  compaction. Figures 1-46 and 1-47 show the void r a t i o  and the  
moisture content vs depth fo r  three test bins .  
Each tes t  bin w a s  l a rge  enough t o  allow t e s t ing  of a l l  three plates. 
For each tes t  series, a t  least three tests w e r e  performed with the 
smallest p l a t e  and two tests with the medium pla te .  
p l a t e s  were aligned perpendicular t o  the long ax is  of t he  tes t  b in  and 
spaced so as t o  minimize test bin s ide e f f e c t s  and the. inf luence of 
other t e s t ' p l a t e s .  ,The degree of reproducibil i ty f o r  tests with the  same 
plate a t  d i f f e r e n t  locations within the  test bin indicates  t h a t  s ide  
e f f e c t s  were negl igible  and t h a t  horizontal  var ia t ions i n  s o i l  densi ty  
w e r e  negligible.  
very sens i t ive  load ce l l ,  and the  vertical  settlement w a s  measured by 
a 1/1000-inch d i a l  gage. A typical  test setup is pictured i n  Figure 
1-48. Figure 1-49 shows the  imprint i n  the loose s o i l  deposit  of the  
4-by-20-inch test  plate .  
I n  general, t he  
The load applied t o  each p l a t e  was measured w i t h  a 
B a s i c  T e s t  Data 
The r e s u l t s  of the  duplicated tests f o r  each t e s t  series w e r e  i n  very 
good agreement. Figures 1-50, 1-51, and 1-52 show the  r e s u l t s  of each 
test series. 
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F i g .  1-48. Test setup. 
Fig. 1-49. Imprint o f  the 4 x 20 inches plate 
in test  series 2 (Loose deposit). 
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The most s t r ik ing  fea ture  of these data  i s  the  la rge  deformation 
t h a t  occurred because of t h e  high compressibility of the  soil ,  
near- l inear i ty  of the  stress-deformation curves and est imates ,of  bearing 
capacity ind ica te  that the  bearing capacity w a s  not exceeded, although 
deformation as high as one to  two plate-widths w a s  observed before 
loading w a s  discontinued. A s ign i f icant  discont inui ty  i n  the  curve for 
the  1-inch plate a t  about 20 p s i  on t he  dense s o i l  deposi t  of Ser ies  
No .  3 w a s  observed. This discont inui ty  corresponded t o  the  development 
of some bulging around the plate, 
a bas is  f o r  evaluating t h e  app l i cab i l i t y  of d i f f e ren t  ana ly t ica l  methods 
f o r  the descr ipt ion of the  stress-deformation behavior of lunar s o i l .  
The deformations of the p l a t e s  on the LSS and on the ac tua l  lunar surface 
may be computed by several  methods, including the F i n i t e  Element Method 
and the  Stress Path Method (SPM) (Lambe and Whitman, 1969). 
The 
Plate load test  data  can be used as 
A s  a f i r s t  s tep  i n  t he  analysis of the  p l a t e  load test  data ,  so i l  
deformations under the 4-inch p la te  w e r e  computed by t h e  SPM fo r  various 
i n i t i a l  s o i l  densities. 
follows e 
The major s teps  i n  the  SPM computation are as 
The zone beneath the  plate w a s  subdivided i n t o  f i v e  elements as shown 
i n  Figure 1-53. 
a t  the bottom of the tes t  bin,  whichever w a s  smaller. The v e r t i c a l  
s t r a i n s  w e r e  computed a t  t h e  center of each element and multiplied by 
the  element thickness t o  obtain the t o t a l  sett lement under the plate. 
The bottom of Element 5 w a s  taken at a depth of 10B or 
The increases i n  v e r t i c a l  and horizontal  normal stresses a t  various 
points  under the  p l a t e  w e r e  computed using a theory of e l a s t i c i t y  
computer program e n t i t l e d  HSPACE (Lysmer  and Duncan, 1969). The r e s u l t s  
of these computations are shown i n  Figure 1-54. 
cen ter l ine  and one/sixth point  stresses from Figure 1-54 w e r e  used i n  
the  computations. 
The average of the 
Each element w a s  assumed t o  e x i s t  under KO conditions before plate 
loading, with KO = 0.5. 
element is represented by point  A i n  Figure 1-55. 
a t  the  top of the stress circle which represents t he  stress state fo r  
each element. The increases i n  ve r t i ca l  and horizontal  normal stresses 
Schematically, the i n i t i a l  stress state of each 
Point A is the  point  
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from Figure 1-54 w e r e  used as changes i n  major and minor pr inc ipa l  stresses, 
and a new f i n a l  stress state, represented by point C i n  Figure 1-55, w a s  
determined for each element. The v e r t i c a l  s t r a i n  f o r  each element cor- 
responding t o  stress path A-B-C- w a s  computed. 
Ko-line and the  compression is therefore  one-dimensional f o r  t h i s  segment. 
The ve r t i ca l  s t r a i n  for  path A-B w a s  computed using the  one-dimensional 
compression parameters presented i n  an earlier section. 
sen ts  loading under constant continuing pressure. Therefore, the  plane 
s t r a i n  stress-strain parameters presented i n  an earlier sect ion w e r e  
used t o  compute the  v e r t i c a l  s t r a i n  for  t h i s  segment of t he  stress path. 
Path A-B is  along t h e  
Path B-C repre- 
A comparison between t h e  measured and computed plate deformations 
is shown i n  Figure 1-56. 
range of void r a t i o  of i n t e r e s t  f o r  t he  lunar surface (from about 0.7 
t o  1.0). 
The agreement is f a i r l y  good, especial ly  i n  the 
The SPM w a s  a l so  used t o  compute the  p l a t e  deformation for  t h e  same 
contact stress under reduced gravity f o r  various dens i t ies .  The e f f e c t  
of reduced gravi ty  is t o  lower the  i n i t i a l  v e r t i c a l  and horizontal  normal 
stresses, which r e s u l t s  i n  s ign i f icant ly  higher stress l eve l s  i n  s o m e  
elements. The r a t i o  of t he  deformation under f u l l  gravi ty  t o  the defor- 
mation under 1/6 g,  is  p lo t ted  i n  Figure 1-57. The curve i n  Figure 1-57 
indicates ,  f o r  example, t h a t  f o r  an average void r a t i o  of 0.8, the  4-inch 
plate deformation under 1 p s i  and f u l l  gravi ty  would be about 85 percent 
of the  p l a t e  sinkage for  t he  same stress and same s o i l  on the  lunar 
surface. 
The da ta  i n  Figures 1-56 and 1-57 have several  applications.  For 
example, i f  a p l a t e  load tes t  w e r e  performed on the  lunar surface,  t he  
deformation could be multiplied by a value of RA from Figure 1-57 t o  
t o  obtain t h e  estimated deformation fo r  t he  same so i l  under f u l l  gravi ty .  
A first-trial estimate of void r a t i o  would be used to  en ter  Figure 1-57 
t o  get a value of Ra. This value of R could then be used t o  calculate A 
p l a t e  sinkage under f u l l  gravi ty .  The value thus determined could be 
used t o  en ter  a cor re la t ion  between p l a t e  load sinkage and void ra t io  
(e.g., the  s o l i d  l i n e  i n  Figure 1-56) to  obtain the  corresponding void 
r a t i o .  
assumed void r a t i o  used t o  en ter  F igure  1-57, t h e  procedure could be 
If  the  void r a t i o  thus estimated d i f fe red  s igni f icant ly  from the  
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Fig .  1-56. Comparison measured and computed pl a t e  
load test  deformations f o r  4-inch p l a t e  
under l -ps i  contac t  stress. 
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Fig .  1-57. Variation of g rav i ty  reduction 
f a c t o r ,  R b ,  w i t h  void r a t i o .  
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repeated with an improved estimate of void r a t io ,  From the void ratio,  
other  parameters such as  s t rength,  s t ress -s t ra in ,  and compression could 
be estimated as described i n  the preceding sections. 
A s imilar  analysis ,  although considerably less precise ,  can be made 
f r o m  astronaut boot imprint data ,  as  described i n  the next section. 
BOOT IMPRINT TESTS 
A series of boot imprint tests were performed on LSS No.  2. I t  w a s  
ant ic ipated t h a t  footpr ints  made by astronauts during Apollo missions . 
might be analyzed i n  a manner similar t o  t h a t  of the p l a t e  load tests. 
The boot imprint tests w e r e  performed using the same procedure as 
w a s  used f o r  LSS No.  1 and described in  d e t a i l  by Mitchell and Houston 
(1970). T e s t  r e su l t s  obtained using the new large test  bin (3.5 X 7 
inches) did not  appear t o  d i f f e r  s ign i f icant ly  from those obtained i n  
earlier tests using a smaller t es t  bin (2 X 2 inches).  
The relat ionships  between void r a t i o  and depth of footpr int  f o r  
contact stresses of 4 p s i  and 1 p s i  a re  shown i n  Figure 1-58. The contact 
stress f o r  a su i ted  astronaut with h i s  f u l l  weight on one foot  is about 
1 p s i  i n  the  lunar gravi ta t ional  f i e ld .  In  Figure 1-59, the  1-psi curve 
is  replot ted as a dashed l i n e  and the predicted curve f o r  the  ac tua l  
lunar surface appears as  a so l id  l i n e .  The predicted curve w a s  determined 
by applying values of the  plate-load reduction fac tor ,  Ra , from Figure 
1-57. The R values from Figure 1-57 w e r e  f o r  a 4-inch-wide p l a t e  with a A 
contact stress of 1 ps i .  
While precise  determination of footpr in t  depths from-Apollo 11 and 
1 2  photographs is d i f f i c u l t ,  a s ta t is t ical  survey w a s  made from avai lable  
photographs and, although a few footpr ints  greater  than an inch i n  depth 
w e r e  observed, most of the values f e l l  between 0.1 and 0.5 inch with an 
average of about 0.25 inch. 
I f  Figure 1-59 is  entered using a footpr in t  depth of 0.25 inch, an 
estimated value of e f o r  the top 15 c m  of 0.85 is obtained. The range 
i n  e f o r  footpr in ts  ranging from 0.1 t o  0.5 inch is from 0.74 to  0.94 
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A comparison of t h i s  void r a t i o  estimate and these obtained from 
A p o l l o  11 and 1 2  core tubes is given i n  T a b l e  1-2. 
Table 1-2. Comparative void r a t i o s .  
D a t a  Source 
Apollo 11 
core tubes* 
Apollo 12  
core tubes* * 
SPM bootpr int  
analysis  
described 
herein 
Best. estimate 
o r  
average value 
of  void ratio 
0.94 
0.72 
0.85 
Density 
f o r  
G =3.1 
s 
1.60 
1.80 
1.677 
- . -  
Corresponding 
range i n  
void ra.tio 
1.00 t o  0.88 
0.94 t o  0.55 
0.94 t o  0.74 
Corresponding 
range i n  
densi ty  f o r  
G =3.1 
S 
1.55 t o  1.65 
1.60 t o  2.0 
1.60 t o  1.78 
*Castes e t  al. (1970) 
**Scott e t  al.  (1971) 
The comparison shows t h a t  the densi ty  estimate obtained from the  
SPM-plate load analysis  is well within the wide range obtained from Apollo 
1 2  core tubes and is s l i g h t l y  higher than the Apollo 11 core tube range. 
PENETROMETER TESTS 
Penetration res i s tance  tests are l i k e l y  t o  be an e f f i c i e n t  and 
ef fec t ive  means by which astronauts  may gather data  leading t o  the  assessment 
of lunar surface s o i l  propert ies .  Such tests are planned fo r  fu tu re  Apollo 
missions. 
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An important application of penetration resis tance da ta  may be i n  
the t r a f f i c a b i l i t y  analyses needed for  range prediction f o r  lunar roving 
vehicles. It is  also ant ic ipated t h a t  penetration res i s tance  can be 
correlated with density. I n  addition, abrupt changes i n  the slope of 
the  stress-penetration curve may be used as indicators  of nonhomogeneities 
i n  the s o i l  p ro f i l e .  An example of t h i s  type of indicat ion is shown i n  
Figure 1-60. The curve i n  Figure 1-60 w a s  obtained with the standard 
WES cone penetrometer. 
Considerable e f f o r t  w a s  devoted t o  the development of a penetrometer 
which could be used on the lunar surface. The cone and s h a f t  s i ze  and 
configuration chosen w e r e  t h a t  of the Waterways Experiment Stat ion,  a 
cone penetrometer shown i n  Figure 1-61. The a l t e rna te  black and white 
sections on the  shaf t  w e r e  added t o  provide a visual  measure of the  depth 
of penetration, e i the r  by d i r e c t  observations or from photographs. 
A proving r ing  and d i a l  gage w e r e  chosen for  load measurement. The 
proving r ing  w a s  mounted i n  an extension-type handle [Figure 1-62(a) l .  
The p l a t e  is  1 inch wide, 5 inches long, and 1/4 inch thick.  A l l  
attachments can be used with the extension handle and the proving r ing  
d i a l  gage can be used t o  measure force. 
The 1/4-inch-diameter rod protruding o u t  of the top of the extension 
handle passes through the hollow extension handle and behind the d i a l  
gage to  the bottom of the proving ring. 
i f  necessary, without damaging the d i a l  gage. The assembled penetrometer 
[Figure 1-62 (b) 1 i s  shown i n  t e s t ing  posi t ion i n  Figure 1-63. 
This rod may be used f o r  hammering, 
It w a s  proposed t h a t  data  be obtained by the astronauts on the  lunar 
surface by performing the test in  f ront  of a sequence camera. From the 
photos, the depth of penetration and the d i a l  gage can be read for 
determination of the load. This method of data  acquis i t ion w a s  investigated 
i n  the laboratory by taking a rapid series of snapshots ( ra ther  than 
continuous photography by sequence camera) during the penetration test .  
The stress-penetration curves obtained i n  t h i s  way w e r e  equally a s  con- 
s i s t e n t  and reproducible as were the curves obtained by d i r e c t  observation. 
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F i g .  1-63. P e n e t r o m e t e r  i n  t e s t i n g  p o s i t i o n .  
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An example stress-penetration curve is shown i n  Figure 1-64, The 
posi t ion of t he  f e e t  of the  man performing the test with respect  t o  the 
penetrometer has an e f f e c t  on the r e su l t s .  Therefore, the posi t ion 
indicated i n  the  upper l e f t  corner of Figure 1-64 has been adapted as 
standard. The penetrometer w a s  advanced a t  the r a t e  of about 1 inch per 
5 seconds to  avoid the development of pore air  pressures; however, a 
penetrometer on the  lunar surface would be advanced a t  a grea te r  rate. 
A series of penetration res i s tance  tests w a s  performed on LSS No. 2 
using the cone penetrometer. The slope of the s t ress-penetrat ion curve, 
G, is  p lo t ted  versus the average void r a t i o  f o r  the top 15 cm i n  Figure 
1-65. One of the uses of the data  in  Figure 1-65, i n  connection with 
t r a f f i c a b i l i t y  s tud ies ,  is t h a t  of comparing the G-e re la t ionship  of 
any new proposed lunar s o i l  simulant t o  t h a t  of LSS No.  2. Because 
avai lable  da t a  indicate  t h a t  LSS No.  2 is a good simulant of the ac tua l  
lunar s o i l ,  Figure 1-65 can be used as an indicator  of the s u i t a b i l i t y  of 
any new s o i l  t h a t  might be used for  LRV simulation s tudies .  
1 
ave 
Figure 1-65 provides the re la t ionship  between G and e f o r  terrestial ave 
gravity.  The var ia t ion  of G with e for  lunar gravi ty  is  a l so  of g rea t  
ave 
interest fo r  t r a f f i c a b i l i t y  analyses and other property s tud ies .  An estimate 
of the e f f e c t  of reduced gravi ty  on G value w a s  obtained by applying the 
following bearing capacity equation t o  the penetrometer. 
= -  bY 
quit 2 N s  + c N s  + q ' N s  Y Y  c c  q q  
= un i t  ul t imate  bearing capacity Sllt where 
y = s o i l  un i t  weight 
b = width of loaded area 
c = s o i l  cohesion 
q' = surcharge, dy 
6 = shape f ac to r  (1 - 0.3 b/L) 
s = shape fac tor  (1 + 0.2 b/L) 
s = shape fac tor  (1 + 0.2  b/L) 
Y 
C 
9 
(1-38) 
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Nv, Nc, N = bearing capacity f ac to r s ,  dependent on the 
s o i l  f r i c t i o n  angle, 4 
q 
d = depth of loaded area 
L = length of loaded area. 
The penetrometer has a diameter of about 0.8 inch which w a s  used 
f o r  b. 
of computations a s o i l  p r o f i l e  cons is ten t  with terrestrial gravi ty  w a s  
chosen from Figure 1-35. 
d ,  equal t o  0 and 15 cm. 
taken from Figure 1-35 and used t o  enter  Figures 1-7 and 1-8 t o  obtain 
values fo r  c and 0. Meyerhof's (1951) char t s  w e r e  used f o r  t he  bearing 
capacity fac tors .  
A value of b/L = 1 was used f o r  a l l  computations. For each set 
The bearing capacity was computed f o r  a depth, 
The void r a t i o  fo r  d = 0 and d = 15 crn w e r e  
For a compressible s o i l  t h a t  may experience loca l  shear,  the bearing 
r capacity i s  usual ly  computed by using reduced s t rength parameters c 
$r, so t h a t .  
and 
c = kRsc r 
= Arc tan(kgs tan $1 'r 
(1-39) 
(1-40) 
The value of kRs varies from 1 t o  0.67, depending on s o i l  compressi- 
b i l i t y .  A value close t o  0.67 is indicated f o r  LSS N o .  2 because no 
bulging w a s  observed around the penetrometer during tes t ing .  A value of 
= 0.75 w a s  used fo r  a l l  computations. k R S  
gul t  The stress-penetra%ion qradient ,  G ,  w a s  taken a s  the change i n  
between d = 0 and d = 15 c m  divided by 15 cm. 
t h i s  way w e r e  p lo t ted  versus e fo r  the top 15 cm. 
values of G obtained i n  
ave 
The resul ts  are shown i n  Figure 1-66, where measured and computed 
values are compared. The close agreement ind ica tes  t h a t  the  bearing 
capacity Equation (1-38) provides a basis  for  estimating G values. If 
so, then the s a m e  re la t ionship  may be used t o  inves t iga te  the probable 
influence of grav i ty  on G value. 
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The bearing capacity computations were repeated for  reduced gravi ty  
using the s a m e  fac tors ,  except t h a t  y/6 was used instead of y fo r  the  
density* A void ratio-depth p ro f i l e  more consis tent  with the lunar 
surface (as given in  Figure 1-38) w a s  used. 
The G values obtained i n  t h i s  way w e r e  used t o  determine the  ratio,  
R 
r e s u l t  shown i n  Figure 1-67. These values of the reduction fac tor ,  R 
from Figure 1-67 w e r e  then applied t o  the measured terrestrial G values 
(shown by the  l i nes  i n  Figures 1-65 and 1-66) to  obtain t h e  predicted G 
values for  t he  lunar surface shown i n  Figure 1-68. 
of G under reduced gravi ty  to  G under t e r r e s t r i a l  gravi ty  with the 
P' 
PI 
It is of i n t e r e s t  t o  note t h a t  the estimate of e = 0.85 from the ave 
boot imprint analysis discussed i n  the previous sect ion yields  a G value 
of 2.5 psi/inch. On the other  hand, Apollo 12 core tube data  analysis  by 
Scot t  
top 30 c m ,  which corresponds t o  an e (top 15 em) of about 0.722 with a 
range of 0.55 t o  0.94. A value of e = 0.722 indicates a G = 5.5 ps i /  
inch. Thus, a range 2.5 < G < 5.5 psi/inch is indicated by these t w o  
estimates of average density.  
e t  al.  (1970) gave a density estimate of 1.8 f - 0.2 g/cm3 f o r  the 
ave 
ave 
- -  
CORE TUBE STUDIES 
Core tube tests were 
core tube sampler used on 
r e s u l t s  t o  those obtained 
tests w e r e  conducted in  a 
various dens i t ies .  
performed t o  invest igate  the eff ic iency of the 
Apollo 11 and 1 2  landings and t o  compare the 
using a newly designed thin-wall tube. The 
2 by 2 by 3 inch bin using LSS N o .  2 placed a t  
The sampler used on Apollo 11 and 1 2  has a s p l i t  core bar re l  with an 
inside diameter of 0.75 inch and a w a l l  thickness of 0.125 inch. The 
s p l i t  bar re l  is  held together a t  top and b o t t o m ,  respectively,  by a 
threaded handle attachment and the b i t  (see Figure 1-69). This sampler 
w a s  o r ig ina l ly  supplied with t w o  interchangeable b i t s .  The l e a s t  e f f i c i e n t  
of these b i t s  (Figure 1-69) has a 15-degree inward f l a r e ,  thus compressing 
the  s o i l  as it enters  the  core tube. The b e t t e r  of the  t w o  b i t s  flares 
outwards, thus maintaining the  0.77-inch ins ide  diameter of the tube. 
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The revised sampler is of solid-shell  thin-wall design with the 
b i t  being the  sharpened leading edge of the core tube w a l l .  I t  has 
an inside diameter of 1.92 inches and a w a l l  thickness of 0.04 inch, 
The bar re l  length is about 1 2  inches. The revised core tube sampler i s  
shown i n  Figures 1-62(a) and 1-70. 
This sampler w a s  driven in to  the soi l  by pushing as shown on Figure 
1-71. The o r ig ina l  samplers were advanced by pushing,augering, and 
hammering. After inser t ing  the samplers a given distance ( typ ica l ly  
10  t o  11-$ inches),  the amount of s o i l  i n  the  tube w a s  measured prior 
t o  withdrawing the sampler. 
the  tube after inser t ion t o  the depth of sampling as measured from the 
or ig ina l  soi l  surface w a s  used as the standard of comparison between the 
sampler types. This r a t i o  is  termed the "sampling ratio" and is expressed 
as a percentage. 
The ratio of the amount of so i l  present i n  
The values of sampling r a t i o  obtained during t e s t ing  are summarized 
i n  T a b l e  1-3. The values f o r  the less e f f i c i e n t  inward f l a r e  b i t  are 
l i s t e d  f i r s t  f o r  the four methods of sampler advancement. The sampling 
ratios for  t he  inward f l a r e  b i t  range from about 7 to  58 per cent,  depending 
mainly on the method of advancement. For t h i s  b i t ,  hammering y ie lds  the 
highest sampling ra t io .  
The tabulated sampling r a t i o s  for  the more e f f i c i e n t  outward f l a r e  
b i t  as l i s t e d  i n  Table 1-3 range from 63 to 84 per cent ,  depending mainly 
on the dry u n i t  weight of the lunar s o i l  simulant tes ted.  I t  is obvious 
from these v i lues  t h a t  t h i s  type of b i t  yields  more sa t i s fac tory  r e s u l t s  
than those for the inward f l a r e  b i t .  
The sampling r a t i o  values fo r  the thin-wall sampler range f r o m  85 t o  
greater than 99 per cent.  These values are s igni f icant ly  be t t e r  than 
those obtained using the Apollo samplers, and can be a t t r ibu ted  t o  the 
great ly  reduced r a t i o  of sq.mpler cross section area t o  sample cross  
sect ion area because of the  thinner w a l l s .  
It should be mentioned t h a t  some d i f f i c u l t i e s  w e r e  encountered i n  
re ta ining the  sample i n  the  sampler upon withdrawal, using both the  Apollo 
and the thin-wall samplers. This d i f f i c u l t y  is ascribed to  the differences 
between the lunar and terrestrial environment (vacuum, reduced gravi ty) .  
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Fig.  1-71. Sampling tube in position. 
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Dry u n i t  weight, g/cc 
Moisture content, % 
Void ratio 
Integrally-cast  b i t  
push 
T a b l e  1-3, summary of "sampling ratios" c % >  for LSS NO, 2. 
1.51 1.75 1.88 
1.30 1.30 1.30 
0.905 0.642 0.53 
85.0 97.3 99+ 
Apollo core sampler 
Dry u n i t  weight, g/cc 
Moisture content,  % 
V o i d  ratio 
Inward f l a r e  bit I 
1.67 1.79 1.88 
1.24 1.43 1.23 
0.725 0.61 0.53 
1. push 1 9.1 7.5 11.4 
2. push & auger 
3. hammer 
4. hammer & auger 
Outward f l a r e  b i t  I 
1. push 
2. push & auger 
3. hammer 
4. hammer & auger 
9.6 
58.2 
44.8 
7.3 14.9 
42.3 55.7 
38.0 55.9 
63.2 64.6 84.4 
66.6 59.0 78.7 
73.3 69.2 78.2 
69.8 66.0 82.5 
Thin-wall sampler 
I 
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It was therefore impossible t o  measure re l iab ly  the dry un i t  weight of 
the sampled s o i l  i n  order t o  evaluate the compression during sampling, 
It  should a l so  be noted t h a t  the force required to  push the core 
tube sampler i n t o  the s o i l  became qui te  large for very dense s o i l  deposits.  
For t h i s  reasonl a sampler somewhat smaller than the 2-inch-0.D- sampler 
described herein has been recommended. 
Based pa r t ly  on the recommendations derived from t h i s  study, the 
Apollo Spacecraft Program Office has authorized the redesign of the 
Apollo 11-12 core tube for  subsequent Apollo missions. Requirements for  
the new sampler a re  as follows (from MSC Configuration Control Board 
Directive,  May 14,  1970) : 
Requirements 
1. 
2. 
3. 
4. 
5. 
6 .  
7.  
Note : 
Area r a t i o  10% 
In tegra l  b i t  
A r e a  of b i t :  1 t o  2% l e s s  than inner area 
Piston type follower 
No  res is tance during sampling 
Lock capabi l i ty  a f t e r  sampling 
Core extraction compatible LRL processing 
Interface w i t h  ex is t ing  HTC w i t h  m i n i m u m  impact 
Capability of re t r iev ing  double core 
Methods of core sample removal; i . e . ,  extrusion, spl i t - tube 
must be prototyped for  evaluation t o  es tab l i sh  most s a t i s -  
factory method. 
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CONCLUS I O N S  
1. Lunar S o i l  Simulant No, 2 appears t o  be a good match fo r  the  
actual lunar s o i l  i n  terms of gradation, penetrat ion res i s tance ,  
and other  physical properties.  
2. 
3. 
The conclusion reported i n  the  Final  Report of January 1970 
(Mitchell and Houston, V o l .  I) regarding the  s e n s i t i v i t y  of lunar 
s o i l  propert ies  to  void r a t i o  is reinforced by s tudies  on LSS 
N o .  2. These studies indicate  that most s o i l  p-roperties of 
i n t e r e s t  can be predicted from knowledge of the  void ratio. 
Strength,  s t ress -s t ra in ,  and one-dimensional compression 
parameters of t he  lunar s o i l  simulant have a l l  been re la ted  t o  
void r a t i o  i n  both equation and graphic form. One-dimensional 
compression parameters have been used t o  estimate density 
p r o f i l e s  fo r  both terrestrial  gravi ty  and lunar gravity con- 
d i t i ons .  
depth should be less pronounced f o r  the lunar surface than for  
I 
These p ro f i l e s  show t h a t  the increase i n  densi ty  with 
the same s o i l  on earth.  
4. One-dimensional compression parameters and plane s t r a i n  
s t r e s s - s t r a in  parameters were used i n  a stress path method of 
ana lys i s  t o  compute the  s o i l  deformations under a 4-inch by 
20-inch p l a t e  acted on by a 1-psi  ve r t i ca l  stress for  several  
i n i t i a l  void r a t io s .  The computed values were compared with 
the  measured p l a t e  load sinkage and the agreement w a s  f a i r l y  
good, as shown i n  Figure 1-56. The stress path computations 
w e r e  repeated fo r  reduced gravi ty ,  and the  gravi ty  reduction 
f ac to r s  shown i n  Figure 1-57 w e r e  obtained. These factors 
w e r e  used t o  relate footpr int  depth t o  void r a t i o  i n  Figure 
1-59. E s t i m a t e s  of foo tpr in t  depths from Apollo 11 and 1 2  
photos gave a range of 0.1 t o  0.5 inch fo r  most values, with 
an average value of about 0.25 inch. This footpr in t  depth 
corresponds t o  an estimate of e for  the top 15  c m  of 0.85 ave 
on the lunar surface.  
of about 1 .7  gm/cm3,  for  6 = 3.1. 
This corresponds t o  an i n  s i t u  densi ty  
S 
5. 
6. 
estimated value of e = 0.85 corresponds t o  the  following 
s t rength  and s t ress -s t ra in  propert ies .  
c = 4.3 g/cm2 = 0.06 p s i  
4 = 40' (average value for  a range i n  confining pressures) 
0 * 8 7 5  
fo r  0 i n  kg/cm2 3f 
3f f o r  CJ3f i n  kg/cm2 
cf 
E =  a f  0.00548 + 0.0348 CJ 
3f 
E ") E 2.06 
af tPS 
= 0.606 .- 0.297 lOg,o 
1 - - 
O3f 'E 1.68 + 0.30 loglo 
The plate load tes t  r e s u l t s  indicated 
f o r  0 i n  kg/cm2 3f 
fo r  (S3f i n  kg/cm2 
t h a t  no general. shear 
f a i l u r e  occurred, except perhaps i n  the case of loading by 
t h e  1-inch p l a t e  on the  very dense s o i l ,  However, the da ta  
showed (see Figures 1-50, 1-51, and 1-52) t h a t  the  sinkages 
w e r e  q u i t e  large,  ranging up t o  1 and 2 plate-widths. 
A bearing capacity equation w a s  used t o  estimate the  G value 
f o r  LSS N o .  2 under f u l l  gravi ty  and yielded good agreement 
with values measured d i r ec t ly  with a penetrometer when l o c a l  
shear s t rength parameters were used, as shown i n  Figure 1-66. 
A s i m i l a r  set of computations f o r  reduced gravi ty  led t o  the  
penetrometer reduction factors ,  R , shown i n  Figure 1-67,and 
the  predicted re la t ionship  between G and void r a t i o  fo r  the  
P 
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lunar surface shown i n  F i g u r e  1-68, 
range from 2,5 psi/inch ( fo r  the  estimated e = 0-85 from the boot 
imprint analysis)  t o  5.4 psi/inch (for  the  estimated e = 0.73 from 
Apollo 1 2  core tube density analysis) .  
Figure 1-68 indicates  t h a t  G may 
ave 
ave 
RECOMMENDATIONS 
1. Good measurements of in-place densi ty  on the  lunar surface soi l  
are needed. 
reducing the area r a t i o  i n  an e f f o r t  to obtain samples with 
less disturbance and more representative density.  O t h e r  types 
of in-place densi ty  tests should a l s o  be considered. 
The core tube sampler should be modified by grea t ly  - .  
2. Measurements of G value by the astronauts during Apollo missions 
are needed as soon as possible. 
measurements should be made using e i t h e r  a penetrometer of the  
type described herein,  o r  with another type of load and pene- 
t r a t i o n  measurement device. The cone and s h a f t  should be the  
standard WES configuration (i.e.,  30-degree apex angle and 
These penetration resis tance 
0.5-square-inch base a rea ) ,  and a standard placement of f e e t  
and penetrometer f o r  t e s t ing  should be adopted. 
P l a t e  load tests should be performed on an Apollo mission as 
soon as possible. The s tudies  reported hereih indicate  t h a t  
useful information pertaining t o  void r a t i o  and other mechan- 
3. 
ical propert ies  can be derived from p la t e  load tests. 
load tests could be performed by at taching a plate to  the  
penetrometer extension handle, or by having the  astronaut 
lower a large (4-inch) p l a t e  t o  the  surface and s tep  on it with 
h i s  f u l l  weight, Photos should be taken before and a f t e r  
loading. 
The p l a t e  
4. Analyses of the p l a t e  load t e s t  r e s u l t s  reported herein should 
be continued using both the stress path method and the f i n i t e  
element method. Analysis by t h e  f i n i t e  element method, though 
not complete, i s  w e l l  under way a t  present. 
1- LO 5 
5, Values of G should be determined for a good lunar soil simufant 
under conditions of reduced gravity. Although the penetrometer 
reduction factors, R obtained in this study by the bearing 
capacity equation appear to be reliable, a high degree of 
certainty can only be obtained by making measurements in a 
1/6 g aircraft simulation. 
PC 
6. Additional strength and stress-strain tests should be performed 
with confining pressures as low as 0.01 kg/cm2, if possible. 
The lowest confining pressure that could be used in the study 
described herein was 0 - 05 kg/cm2. Although the extrapolation 
to lower confining pressures used may well be reliable, the 
extent of extrapolation necessary was quite large. Very small 
specimens will probably be required because the weight of 
specimens of conventional size produces significant internal 
stress. 
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Chapter 2. DETERMI~ATI~N OF IN SITU SOIL PROPERTIES 
J ,  B.  Thompson and J .  K. Mitchell 
INTRODUCTION 
Due to the widespread distribution of major deposits of soil and 
"soil-like" material both terrestrially and on extraterrestrial bodies, 
such as the moon and probably Mars, soil mechanics and foundation 
engineering aspects of space explorations must be considered-early in 
mission planning. 
problems can be divided into two phases: 
The solution process of the majority of soil mechanics 
1. The determination of the in situ properties 'of the soil deposit, 
and 
2. The engineering analysis of the probable effects of operations 
to be performed on the soil. 
Both phases of this solution process have been given considerable study 
by workers in soil mechanics and foundation engineering and numerous 
solution techniques have been developed. 
The present study is concerned with the determination of in situ soil 
properties by remote means. Perhaps the simplest technique for accomplishing 
this goal is the educated interpretation of visual or photographic observa- 
tions of the soil surface. An evaluation of several variations of this 
technique has been presented by Mitchell et al, (1969, 1970a, 1970b) 
including some estimates of lunar soil properties determined in this 
manner. With reference to the moon, the two surface features that seem 
to be most promising for this type of study are the boulder tracks 
and secondary impact craters. 
in the method of analysis of boulder tracks presented by Mitchell et al- 
(1970b) are the cohesion, friction angle, and density. The magnitude of 
one of these properties can be calculated after assuming values for the 
other two. 
1969) does not include commonly recognized soil properties but other 
parameters to which these soil properties can be correlated. 
the limitations on the analysis of secondary impact craters apply 
The in situ soil properties considered 
The analysis of secondary impact craters (Mitchell et al., 
Many of 
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equally to the analysis of impact penetration tests. The interpretation 
of secondary impact craters, however, does require several additional 
assumptions. The second technique for determining in situ soil properties 
is the deployment of equipment designed to test the soil deposit. Several 
such devices have been considered for use on the lunar surface including: 
1. An automated soil scoop, 
2, Static penetrometers of various shapes and sizes, 
3. Soil corers and samplers, 
4. Various types of static shear devices, and 
5. Iqpact penetrometers of various shapes and sizes. 
Although the present study has not progressed to the point at which a 
comparison of the relative merits of the impact penetration test and 
the other techniques and devices can be made, the impact penetration 
test possesses two obvious advantages which should be mentioned. 
First, the unit would not necessarily require provisions for a soft 
landing on the noon. Only the impact penetrometer need contact the 
soil surface and telemetry could be used for data transmission. The 
second advantage is that the penetrometer along with any necessary 
instrumentation would likely compose a relatively small, inexpensive 
package economically allowing extensive deployment of these units over 
the area or areas of concern. 
Since the value of the impact penetration test lies in its ability 
to determine in situ soil properties, the primary purpose of this investi- 
gation is to evaluate which soil properties can be determined from the 
penetrometer output and to what accuracy. It would be impossible to 
study all combinations of penetrometer, environmental, and soil variables 
influencing impact penetration within reasonable time and monetary 
constraints. Consequently, this investigation is limited to cone-tipped 
right circular cylinders impacting normally at velocities up to 200 fps 
onto a dry granular soil target. 
The organization of the body of this report generally follows the 
approach we have taken to the problem. First, an extensive literature 
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review was conducted t o  determine the state of the a r t  of impact penetra- 
t i o n  and t o  provide a bas i s  f o r  planning the remainder of the study. 
Following this l i t e r a t u r e  reviewp the f e a s i b i l i t y  of approaching t h i s  
problem theore t i ca l ly  w a s  evaluated, 
approach is  n o t  j u s t i f i e d  a t  t h i s  t i m e .  Next, an examination of the 
ex i s t ing  empirical  ana ly t i ca l  expressions r e l a t ing  the  dependent and 
independent var iables  of the impact penetrat ion problem w a s  conducted. 
This examination emphasized an evaluation of the r e l a t i v e  and absolute 
m e r i t s  of these expressions and the determination of probable independent 
var iables  requi r ing  addi t ional  experimental invest igat ion t o  allow / 
extrapolat ion of t e r r e s t r i a l  test r e s u l t s  t o  the lunar environment. 
After  ident i fying the independent var iables  requir ing fu r the r  experi- 
mental study# an experimental program w a s  designed. A t  the  present 
t i m e ,  a conceptual design of a l l  equipment necessary f o r  conducting the 
t e s t i n g  has been completed. 
I t  w a s  concluded t h a t  a t h e o r e t i c a l ,  
LITERATURE REVIEW 
An extensive review of the published l i t e r a t u r e  on impact penetrat ion 
has been completed. 
is presented below 
s t a t e  of the  a r t  a re  lacking i n  both scope and d e t a i l .  
A r a the r  de ta i led  summary of t h i s  l i t e r a t u r e  review 
because w e  believe t h a t  p r io r  evaluations of t he  
Considerable e f f o r t  has been devoted t o  the study of impact penetration 
problems involving a broad spectrum of p r o j e c t i l e  and t a r g e t  mater ia ls  and 
shapes. A major portion of t h i s  research dealing with armor penetration 
by p r o j e c t i l e s  t r ave l l i ng  a t  b a l l i s t i c  ve loc i t i e s  is  not  re levant  t o  the 
problem under consideration and w i l l  no t  be discussed i n  t h i s  report .  
t h i s  presentation,previous research on the  dynamic penetration of s o i l s  
w i l l  be divided i n t o  three categories.  
I n  
1. Theoretical  s tud ies  designed t o  develop theoretical . ,  ana ly t i ca l  
re la t ionships  between the dependent and independent var iables  
of the impact penetration problem, and 
2. Experimental invest igat ions in s t iga t ed  primarily t o  develop 
a qua l i t a t ive  understanding of impact penetration (considerable 
t es t  data  and some ana ly t ica l  expressions have a l s o  resul ted 
from these s t u d i e s ) ,  and 
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3 ,  Statistical studies designed to develop empirical, analytical 
relationships from the combined test results of several experic- 
mental programs, 
Theore tical Investigations 
Investigations of this type have been conducted to develop analytical 
expressions relating the dependent and independent variables of the impact 
penetration problem. These relationships are based on the concepts of 
theoretical mechanics and appropriate assumptions. The investigations of 
this type are summarized in Table 2-1, which indicates the author(s), 
theoretical bases, the resultant equation(s), and the assumptions and 
conclusions of each investigation. 
Experimental Investigations 
Investigations of this type have usually been designed to develop 
a qualitative understanding of impact penetration for a certain limited 
combination of penetrometer and soil variables, In a few of these 
studies, analytical expressions have also been developed. Previous 
investigations of this type are summarized in Tables 2-2 and 2-3. 
Table 2-2, the author ( s )  , soil ( s )  , penetrometer shape ( s )  and dimensions, 
impact velocity(ies) , impact angle(s)(the acute angle between the normal 
to the soil surface and the velocity vector of the penetrometer), and 
the air pzessure (measured at-the soil surface) of each study are given. 
All penetrometers had zero rotational velocity and moved in a plane 
normal to the soil surface. The principal conclusions from each study are 
summarized in Table 2-3. 
In 
Stat i s ti ca 1 In ves ti ga ti ons 
Statistical investigations have been conducted to develop empirical, 
analytical relationships between the dependent and independent variables 
of the impact penetration problem. These studies utilized the extensive 
test results generated by the experimental programs presented above. 
Previous investigations of this type are summarized in Tables 2-4 and 2-5. 
In Table 2-4 the author(s), soil(s), penetrometer shape(s) and dimensions, 
impact velocity(ies), impact angle ( s ) ,  and the air pressures of the exper- 
imental programs from which the test results were taken are presented. The 
equations derived from these studies are shown in Table 2-5 along with the 
significant conclusions of each study. 
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Fig. 2-1. Scott (1962) Solution 1 penetration mechanism. 
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Fig. 2-2. Scott (1962) Solution 2 penetration mechanism. 
h a 
c, c 
0 u 
- 
v 
rl 
I 
N 
a, 
4 H 
m 
-4 
c 
a, a 
2 
c, 
d 
a, 
c, 
8 
3 
Y 
5 
a, 
a 
: 
3.( 
c, 
-4 
0 
0 
rl 
a, 
P 
! m 
a, 
5 
z 
2 
s 
Y 
c, 
Id 
k 
Id 
a, 
w 
m 
rl 
-4 
0 m 
a, 
5 
5 
s 
-4 
3 
c, 
c, 
a, 
5 
0 
c, 
rl 
Id 
a, 
m 
-4 
c, u 
i% 
-4 B
k 
a, 
c, w 
Id 
h 
rl 
a, 
c, 
Id 
-4 
2 
-4 
a, c 
0 u 
rl 
.rl 
8 
2 
2 
9 
B 
Id 
c, 
k c, 
a, 
a 5 
c, u 
Id 
-4 
a, 
k 
0 
4-1 
a, 
A 
h 
rl 
a, c, 
Id 
-4 
F 
3 
!zl 
E 
2 
5 
Fi 
5 
-4 
k 
a, 
c, 
a, 
k 
-I-, 
a, a 
a, 
%I 
0 
c, 
!i 
2 
4 
$ 
0 
-4 
c, 
h c, 
-4 u 
3 u 
b, c 
*4 
& 
A 
0 
-4 
c, 
Id 
c, 
m 
z 
3 
2 
2 
8 
k 
W 
c, 
Id 
rl 
rl 
Id 
0 
a, 
A 
c 
fd u 
a, u 
5 
t: 
-4 
m 
a, 
k 
rl 
-4 
0 
m 
a, 
E 
h 
A 
U 
3 
? 
4 
k 
a, a 
2 
0 
-4 
c, 
Id 
2.I 
a, 
rl 
a, u s 
a, 
rl u 
-4 
c, 
k 
Id a 
4 
-4 
8 
k w 
m c 
-4 
c, 
rl 
a, 
k 
m 
a, u 
k 
0 
W 
rl 
Id 
-4 
c, 
c 
-4 
&n c 
-4 a 
2 
2J 
2 
h 
Q 
(u 
I 
(u 
a, 
$ 
.4 
F 
e 
-4 
c 
5 
4 
a 
4 
a, 
-4 cw 
h 
c, 
-4 u 
0 
d 
5 
9 
a, 
k 
ICI 
a, 
5 
w 
0 
a, 
d 
tn 
C 
Id 
% 
4 
2 
9 
8 
rl 
-4 
Q) 
rl 
-4 
rl 
Id c 
0 
*4 
+r u 
.4 
k 
4-1 
e 
-4 
c, 
Id 
5 
E! 
5 
2 
5 
6 
5 
0 
a, 
c, 
k 
0 
a, 
5 
0 
4 
4 
u 
- 
v 
8- 
I 
N 
\ e 
c 
Id 
5 
k 
a, 
c, 
Id 
a, 
k 
tn 
$4 
0 
a, 
m 
Id 
A 
h 
5 
H m 
U 
8 
I 
N 
-2 
a, 
A 
a 
rl 
3 : 
N 
I 
N 
a, 
k 
-4 
Erc 
c 
-4 
c 
g 
8 4 
a, c 
0 u 
Id 
a, 
A 
2 
; 
a, u 
Id w 
m 
a, 
k 
1 
rl 
-4 
Id 
W 
a, 
2 
5 
%I 
0 
c, c 
i! a, 
m 
k 
Id 
rl 
k 
-4 
0 
a, 
7u 
5 
5 
2 
c, 
Id 
Id 
a, 
m 
Id 
A 
h 
6 
1 
0 
k 
v 
c 
-4 
8 
4 
E In 
-4 c 
Id 
-3 
B 
a, 
L: 
.bJ 
c, 
Id 
5 
m 
a, 
4J 
Id 
c, 
10 
a, c . 
h 
h 
rl 
a, 
c, 
*4 x 
0 
E! 
rd & 
v 
rl 
Id 
k 
-4 
2 
u 
-4 
E L: 
4J 
-4 
k 
0 
rl 
8l 
a, 
.iJ 
Id 
f 
2 
2 
4 
a, 
A 
5 
0 
N 
I 
N 
a, 
k 
-4 
F 
rl 
ul 
m 
. o  
c5 
v 
2 
0 
.rl 
c, 
9 m 
m 
Id 
N 
a, 
m 
Id u 
I 
N 
E: 
0 
-4 
+, 
5 
N 
I 
CJ 
$ 
b, 
-4 
F 
c 
-4 
c 
8 
5 
m 
Id 
m 
-4 
-4 
E: 
Id 
-3 
B 
c 
0 
-4 
c, 
Id 
LI c, 
a, 
a 
a, 
5 
E 
h 
Id 
w 
9 
4 a 
Id 
c, 
Id 
rl 
a, 
m 
Id u 
I 
N 
c 
0 
-4 
c, 
7 
rl 
0 
ul 
k w 
E: 
-4 
trr 
m 
-4 
c 
0 
-4 
c, 
-4 
0 
V 
h 
c, 
.I4 u 
0 
rl 
d 
2 
d 
rl 
Id 
-4 
c, 
-4 
c 
-4 
2 
A 
A 
v 
4 
'"0 
5G 
II 
0 
a 
E: 
Id 
h 
rl 
rl 
Id u 
-?I 
c, 
& 
rn 
. 
d 
s 
4 
m 
c, 
a 
N 
0 
0 
II 
b 
c 
0 
.4 
c, 
.-.I 
rl 
c 
4 
2 
a, 
a, 
i 
a, 
5 
k 
0 w 
c, 
4 z w 
a h 
w 
v) 
il 
rl 
*I4 
0 m 
a, 
5 
c 
-4 
m 
9 c 
-4 
0 a 
rl 
rl 
Id 
c, 
Id 
h 
rl 
rl 
Id 
c, 
E: 
.4 
&I 
8 
2 
m u u 
Id 
a c 
Id 
2-13 
2-14 
h 
.Q W 
W cn 
4 
Id 
u) 
W m 
k-l 
. 
v 
8 
F l  
-4 c 
pc 
.. 
p: 
0 
X 
E-c 
3 
4 
+ 
N O  
3 
-u-=-d 
'e' n 
la m 
I 
m 
N 
0 
4 
+ 
N 
l-i 
I 
N 
sjl w 
m 
e4 n 
f 
8 
m 
E 
I 1 
a, 
I1 
3 
!? 
fJ 
alN 
AI 
N 
N 
0 
4-1 
(u 
a, 
ffl 
Id u 
A 
.. 
h 
v 
2-15 
CI a 
c, 
E: 
0 
V 
- 
v 
r-l 
I 
N 
a, 
$ 5
N 
E: 
0 
-4 
c, 
3 
rl 
0 
u) 
N 
A 
v 
.. 
m z 
E-c 
01 w 
2 
B 
d-, 
2 
Id 
0 
2 
8 
0 
-4 
4J 
Is' 
a, 
rl 
Id 
-4 
c, 
LI 
a, 
W 
W 
-4 a 
W 
0 
$ 
5 
c, rn 
3r m 
3 
c, 
Id 
5 
:: 
c, a a, 
a, 
rl 
E 
0 
-4 
c, 
3 
rl 
0 rn 
0 
4J 
LI 
Id 
4 
-4 
E 
-4 rn 
6 
0 
W * 
2 
0 
-4 
c, 
'hf rn 
0 
r-l 
-4 " 8  c rn 
rn 
id 
rl 3 
r-l 
0 E: 
rn 0 
-4 
Q) c, 
3 
0 m 
2 
h 
4 
U 
rn 
i 
2 
Id 
0 
. 
. 
rn rn 
a, 
k 
4J rn 
2 
a, 
-4 
h 
h 
0 
U 
B 
51 
E: 
H 
rn 
c, 
I4 
I rn 
a, 
LI 
c, rn 
a, 
c, 
rl 
id 
c, 
E: 
-4 
k 
a, 
a, 
B 
2 
5 
-r( 
3 
c, 
E: 
a, 
a, 
k tr 
id 
LI 
0 
0 a 
rn 
a, 
-4 
h 
E: 
0 
-4 
rl 
0 rn 
rn 
-4 c: 
5 
E 
2 z 
0 
-4 
c, 
9 rn 
3 
CJ 
c 
0 
-4 
c, 
5 
rl 
0 
m 
h 
m 
V 
a, 
k 
rd 
Id 
a 
E: 
Id 
m 
4. 
N 
la . 
4 
Id . 
0 
la 
a, 
c: 
3 
3 
m 
N 
Id 
+ 
m 
N 
N 
* d  
N 
cu 
L I +  
a, 
C N  
9 Id- 
0 c, . 
%* 
9 
2 
c 
c, 
c, 
0 
u 
Id 
h 
A 
2 
-4 
rl a 
-4 
c, 
rl 
2 
rn 
-4 
rl 
E: 
0 
-4 
c, 
3 
rl 
0 rn 
E: 
-4 
z 
% *  
I d r l  
* 3  
c, -rl 
E : E  
O k  u a ,  c, 
r n r d  
-4 -I4 
c, 
si- ; 
a, -4 
s . c  
3 E - l  
a, 
L U  
h 
V 
B 
# u 
a, u-r w 
Id 
tn 
E: 
-4 
a, 
,Q 
rn 
3 
8 
tn 
k 
Id 
rl 
a, 
5 
k 
0 
W 
c, 
E: 
5 
0 u 
u 
Id 
2-16 
3N cn 
a 
4J c 
0 u 
h 
2 
Lo 
0 
rl 
Id 
u7 
\D 
0 
rl 
0 
U 
rl 
-4 c 
PI 
. 
W 
.. 
pr; 
B 
8 
2 
NIS 
3 
+ 
3 
N 
34 
M 
N", 
3 
+ 
3 
N 
B 
elel 
," 
3 
A a 
4J c 
0 u 
- 
U 
rl 
I 
CJ 
a, 
rl 
E-c 
9 
G 
I1 
x 
h 
.Q 
v 
CL? 13 
II 
k 
h 
Id 
v 
2-17 
a 
v c 
0 
V 
W 
W 
0-l 
I-? 
a 
- 
n 
V 
3 u cn 
.. 
!3 
X 
2 
0 
-4 
4J 
5" m
2 
m 
E: 
0 
-4 
4J 
7 
I-? 
0 
.[I) 
N 
h 
V 
5 .. 
w c n  
H H  
Z O Z O  
5f! 
E + W  a 3  
m 2  cno 
A V  
m 
I 
(v 
5 
tn 
-4 cr 
c 
-4 
!3 
a" 
8 
t! 
I-? 
rl 
Id u 
-4 
tn 
0 
I-? 
c 
k 
a, 
8 
9 
a" 
P 
5 
c, 
m 
a, 
k 
14 
a, 
k 
a, 
A 
5 
0 
Pi 
-4 
0 rn 
Id 
n 
V 
B 
5 
-4 
4J 
.rl 
3 
3 
h 
8 
3 v al 
k 
W 
W 
0 
E: 
0 
-4 
c, 
Id 
-4 
k 
Id 
3 
I-? 
Id a 
-4 
0 
c 
*4 m 
Id 
m 
Ki r: 
a, 
Id 
4J m 
4 m 
a, 
k 
rl 
-4 
0 cn 
u 
3 
2 
h 
v 
2 
z 
2 
0 
-4 
I-? 
0 u 
m 
c 
0 
4 
4J 
5 
I-? 
0 
Lo 
m 
h 
V 
a, 
I-? 
-4 
k 
3 
F 
5 
10 
-4 
k 
0 
%I 
10 
4J 
E: 
=1 
0 
0 u 
Id 
I-? 
a, a 
!4 
8 
I-? 
-4 
tn 
0 
I-? 
0 
a, 
E 
m 
-4 r: 
c, 
E: 
0 
-6 4  
4J 
id 
k 
4J 
a, 
a 
c 
3 
0 
-4 
4J 
Id c 
4 0 
u 
I-? 
Id 
k 
a, 
m k 
2 
3 
2 
Id 
4J m 
-4 
4J 
!I 
m 
-IJ c 
Id 
c, 
0 
V 
I-? 
Id u 
-4 
tr 
0 
I-? 
0 
Q) c 
k 
W 
0 
4J 
a, m 
a, 
-4 
c 
7 
A 
A 
2 
n 
U 
k 
0 
-4 
% 
4 
d 
.Q 
a 
Ll 
a, m 
A 
0 
a, 
5 
4J 
-4 
A 
3 a, 
$ 
8 
m 
Ll 
a, 
4J 
cd 
B 
a, m 
Q) 
5 
W 
0 
m 
Id m 
a, m 
0 
0 
I-? 
a c 
Id 
4J 
I-? 
-4 m 
s 
. 
?i! 
3 
a, 
A 
2 
3 
m 
4J 
w 
0 
4J 
a, m 
4J 
4J 
m 
-4 
% 
2 
8 
2 
A 
n 
u 
m 
3 
W 
0 
c 
0 
-4 
c, 
F 
3 
2 
0 
U 
N 
CI 
U 
h 
k 
0 
a, 
E 
a, 
&I 
? 
4 
*rl 
Id cr * 
Y 
0 
rl 
-3 
h 
W 
v 
2-18 
h a 
4J c 
0 u 
- 
U 
rl 
I cv 
a, 
rl 
E-l 
9 
m 
E: 
0 
-4 
4J 
8 m 
10 
Id 
B 
z 
Id 
0 
-4 
c, 
8 a, 
a, 
10 
a, 
5 
4J 
E: 
a, 
m 
a, 
H I  
3 
t 
0 
4J 
rl 
-4 
Id 
-4 b 
a, 
A 
a 
0 
3 
c, 
H 
?l 
z 
0 
*4 
4J 
8 10 
: 
: 
3 
k 
E: 
m 
-4 
eh 
4J 
m 
m 
.4 
4 
5 
2 
c 
-4 
3 
0 
d 
4 
0 
W 
5 
8 
3 
9 
9 
B 
k a 
Q) 
4J 
Id 
4J 
I 
0 
4J c 
-4 
0 a 
a, 
A 
a 
d 
7 : 
c, 
-4 
k 
a, 
5 
k 
50 
X 
E: 
-4 
a, 
k 
a, 
.G 
a, 
A 
4J 
0 
E: 
E: 
Id u 
z 
$ 
E 
0 
-4 
4J 
Id 
5 
a, 
0 
a, 
E: 
0 
-4 
4J 
Id 
k 
4J 
a, 
a 
4J u 
Id 
-4 
E: 
0 
G 
2 
B 
% 
9 
g 
-4 
4 
a 
II) 
k 
0 
b 
-4 
k 
4J 
m 
2! 
5 
2 
a, 
W 
0 
0 
6 
Ll 
a, 
E: w 
u-l 
0 
c 
0 
-4 
4J 
Id 
a, 
0 u 
z 
z 
*. 
m 
H 
3 
Ei 
GI 
4 
H 
0 w 
X 
I3 
4J 
4J 
m c 
3 
8 
II 
M 
3.1 c, 
-4 
m 
E: 
a, a 
rl 
-4 
0 
m 
a, 
9 
0 c, 
d 
Id 
E: 
0 
-4 
c, 
k 
0 
k a 
3 
v) 
-4 
a, 
Id 
-4 
II) 
a, 
k 
E: 
0 
-4 
4J 
Id 
k c, 
a, 
E: 
a, a 
rl 
-4 
B 
s 
2 
n 
Id 
U 
3.1 c, 
.4 
3 
Id 
k 
tn 
W 
0 
E: 
0 
-4 
4J 
Id 
k 
a, 
rl 
a, u 
0 
Id 
3 
0 
+J 
d 
Id c 
0 
-4 
4J 
k 0
24 
B 
m 
-4 
a, 
Id 
4J 
m 
-4 
m 
a, 
k 
E: 
0 
.PI 
4J 
Id 
k 
r, 
8)  
d 
Q) a 
rl 
-4 
0 
m 
a, 
E 
n 
A 
U 
E: 
0 
-4 
c, 
Id 
k 
4J 
a, a 
w 
0 
2 
4 
2 
5 
a 
a, 
0 
4J 
rl 
Id 
E: 
0 
-4 
4J 
k 
8 
ti 
2 
m 
-4 
a, 
Id 
4J 
m 
-4 
m 
a, 
k 
c 
0 
-4 
4J 
Id 
k 
4J 
a, 
a 
r-l 
-4 
0 
m 
a, 
4 
E 
n 
u 
U 
w 
0 
6 
s 
2 
5 
s 
k 
a, 
u 
Ti 
c, 
-4 x 
a, 
rl 
Id c 
0 
-4 
c, 
k 
0 
k a 
m 
-4 
c 
0 
-4 
c, 
Id 
k 
4J 
a, c 
a, a 
k 
0 w 
a, 
rl 
A 
Id 
l-i 
-4 
Id 
3 
% 
6 
k 
a, c 
a, 
a, 
E 
n a 
v 
m 
a, 
E: 
Id 
4J 
E: 
Id 
4J 
m 
E: 
4 
a, 
g 
5 
w 
0 
4J 
E: 
3 
4 a 
E: 
-4 
v) 
-4 
a, 
Id 
4J 
m 
-4 
m 
a, 
k 
c 
0 
-4 
4J 
c, 
a, 
a 
rl 
-4 
0 m 
z 
2 
5 
i! 
A 
a, 
U 
a, 
m 
8 
4J c 
7 
rl 
A 
Id 
5 
B 
8 
-4 
3 
-PI 
.lJ 
a, 
A 
0 
4J 
3 
m 
m 
Id 
m 
-4 
Ll 
a, 
4J 
8 
k c, 
a, 
E: 
a, a 
a, 
E 
n 
w 
U 
2-19 
a 
a, 
3 
a, 
A 
h 
Id 
E 
m 
c, 
-4 
E: 
7 
w 
0 
4J 
Q) m 
4J c 
a, 
c, 
II) 
-4 
0 u 
3.1 
z 
f5 
h 
hl 
U 
2-20 
+ 
n 
N w 
+ 
.. 
I -  ;I! N 
+ -  
V 
4 - +  
k E  
k= 
I 
- Y  
N 
E 
II 
rJ 
U 
II II 
m w  
k 
Q 
m co 
0 
c, 
rl 
a, m 
(d 
N 
c 
0 
.4 
c, 
3 
I 4  
0 cn 
Y 
I 
h 
N 
u3 
0 
rl 
i, 
4J 
c, 
cn 
0 
+1 
8 
f d  
4 
-4 
-4 
cn 
E 
a, 
m u 
+ 
8 
+ 
4 
3 
u 
T 
u 
+ 
N 
I 
c, 
3 
c 
-4 
m 
& 
PI 
A 
X +I 
lz( m 
II 
rl 1 
c 
0 
-.-I 
c, 
5 
rl 
0 
m 
CI 
Id 
Y 
A .  
i-l 
Y 
.. 
3 
0 
m u 
P 
II 
u" 
n 
+ 
N 
b v 
II 
u .-I 
h 
.Q 
Y 
CJ 
c 
0 
-4 
c, 
5 
rl 
0 m 
N 
h 
v 
2-21 
h h 
N m 
V v 
2-22 
Fig. 2-3. Soi l  rheological  model proposed by Schmid (1966) 
(Gl , G2, n l  and n2 a r e  s o i l  sp r ing  and dashpot cons tan ts ) .  
Fig. 2-4. Soil rheological model proposed by Tsai (1967) 
(Gl and q a r e  s o i l  s p r i n g  and dashpot cons t an t s ) .  
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QUALITATIVE STATE OF THE 
A considerable amount of qualitative information on the impact 
penetration problem has resulted from the numerous experimental studies 
presented in the Literature Review. 
variables on penetrometer output and soil-penetrometer interaction is 
summarized be low. 
The effect of various independent 
Effect of Penetrometer Characteristics 
1. 
2. 
3 .  
4. 
Wei gh t 
An increase in weight yields an increase in total penetration, 
an increase in xise time and total duration time, and 'a decrease 
in measured decelerations. 
Diame ter 
An increase in diameter yields a decrease in total penetration, 
a decrease in rise time and total duration time, and an increase 
in measured decelerations. 
Nose Sharpness 
(a) An increase in nose sharpness yields an increase in total 
penetration and an apparent increase in soil-penetrometer 
contact area and pressure. 
(b) The occurrence of an acceleration-time peak is less likely with 
sharper noses. 
I ,@ 
(c) A soil nose forms more frequeiitly on blunt tipped penetrometers, 
General 
The sensitivity to in situ s o i l  properties is greatest for low 
weight, large diameter, and moderately sharp nosed penetrometers. 
pre-Impact Flight Parameters 
1. Penetrometer Velocity 
(a) An increase in impact velocit-{ yields an increase in total 
penetration, an increase in measured decelerations, and a 
decrease in rise time and total duration time. 
2-57 
(b) A given soi l  l a y e r  w i l l  produce higher measured dece lera t ions  
fo r  higher instantaneous v e l o c i t i e s .  
2, Impact Angle 
(a) An increase  i n  t h e  impact angle y i e l d s  a decrease i n  total  
pene t r a t ion ,  a decrease i n  measured dece lera t ions ,  and an 
increase  i n  rise t i m e  and t o t a l  dura t ion  t i m e .  
(b) The impact angle has a c o n s i d x a b l e  e f f e c t  on t h e  existence 
and magnitude of an acceleration-time peak. 
Effect of Soil3Parameters 
1. Soil Type 
i. Smooth acceleration-time s igna ture .  
ii. Low measured dece lera t ions .  
(b) S i l t  
i. Rela t ive ly  smooth acceleration-time s igna ture .  
(cf Sand 
i. Rough acceleration-time s igna tu re  cons i s t ing  of high 
frequency v a r i a t i o n s  about t h e  average Signature and 
"jumps" i n  t h e  s igna ture  
ii. A i r  b l a s t  i s  frequently observed i n  dry sands. 
iii. Sand is  comminuted during penet ra t ion .  
(d) Gravel 
i. Larger measured dece lera t ions  than i n  sand. 
ii. Rougher acceleration-time s igna ture  than sand. 
2. Densi t y 
An increase  i n  soi l  dens i ty  y i e l d s  an increase i n  measured 
dece le ra t ions ,  a decrease i n  t o t a l  pene t ra t ion ,  and a decrease 
i n  rise t i m e  and t o t a l  dura t ion  t i m e ,  
2-58 
3.  
4 .  
5 .  
D e g r e e  o f  Saturat ion  
Impact forces w i l l  increase considerably as the  percent by 
weight of so l ids  increases and w i l l  increase t o  a lesser extent  
as t h e  percent by weight of w & e r  increases. 
P a r t i c l e  S p e c i f i c  G r a v i t y  
An increase i n  G 
of t h e  soi l  res is tance.  
y ie lds  an increase i n  the i n e r t i a  component 
S 
WES Cone Index 
An increase i n  the  WES Cone Index y ie lds  a decrease i n  total  
penetration. 
E f f e c t  o f  A i r  Pressure 
1. Possible E f f e c t s  
(a) A change i n  the excess pore a i r  pressures depending on the  
volume change tendencies of t h e  s o i l  mass. 
(b) A change i n  the nature of grain contacts. 
(c) A change i n  s o i l  i n e r t i a l  res is tance due t o  a change i n  both 
the  nature of grain contacts and the resu l t ing  soi l  mass affected.  
(The ac tua l  e f f e c t  w i l l  depend on s o i l  p a r t i c l e  grain s i z e ,  
shape and mineralogy and the magnitude of the  a i r  pressure.) 
2. E f f e c t s  on Cer ta in  Soil T y p e s  
(a) Gravel 
i. I f  the grain s i z e  is  su f f i c i en t ly  large and the  rate of 
penetration suff icientl;! s m a l l ,  the  a i r  pressure may 
have l i t t l e  e f f ec t .  
(b) Sand 
i. The e f f ec t  on the  nature of grain contacts  and s o i l  i n e r t i a l  
res is tance i s  r e l a t ive ly  small. 
ii. I f  the excess pore a i r  pressures tend t o  be negative a t  
760 T o r q t o t a l  penetration, r ise  t i m e ,  t o t a l  duration t i m e ,  
and the  amount of e j ec t a  w i l l  be greater  a t  lower a i r  
pressures. Wasured dewlera t ions  w i l l  be less. 
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iii, The reverse will be true if the excess pore air pressures 
tend to be positive at 760 Torr. 
(c) Silt 
i. The conclusions pertaining to the excess pore air pressure 
will be the same as those for sands. 
ii. The effect on the nattire of grain contacts and soil inertial 
resistance may be significant particularly at very low air 
pressures (hiqh vacuums). 
Although considerable qualitative information is available on this 
problem, there does exist a lack of understanding of the soil deformation 
pattern developed during penetration. Also, it is apparent that the 
value of the impact penetration test is dependent on the development of a 
qugntitative understanding for the problem. 
THEORETICAL APPROACH 
In order to become a useful technique for determining in situ soil 
properties, analytical expressions relating independent and dependent 
variables of the impact penetration problem must be developed. These 
expressions might be developed by following either a theoretical or an 
empirical approach. The feasibility 05 solving the impact problem 
theoretically was examined first because analytical expressions derived 
in this way would: 
1. Provide direct correlation to the desired soil properties, 
2. Permit extrapolation to conditLons not yet encountered experi- 
mentally, 
3 .  Yield a more basic understanding of soil penetrometer interaction, 
and 
4. Eliminate much costly testing. 
This feasibility study was initiated by reviewing the existing theoretical 
solutions. 
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E x i  s king Theore t i c a l  sol u ti ons 
several  of the ex is t ing  theore t ica l  solut ions to  the  impact penetration 
problem are qu i t e  similar and w i l l  be grouped together i n  t h i s  discussion. 
1. 
2. 
3. 
The equations reported by Robins (17421, Euler  (17451, Poncelet (18291, 
&sal (1895), Petry (1910), and Schmid (1969) are a l l  derived from 
Newton's Becond Law of Motion and an assumption concerning the 
functional re la t ionship between the s o i l  res is tance and the instan- 
taneous penetrometer velocity.  
depends e n t i r e l y  on the  accuracy of the functional re la t ionship 
assumed. In  a study designed t o  develop a relat ionship between the  
constants appearing i n  these equations and i n  s i t u  s o i l  p roper t ies ,  
an inaccurate functional re la t ionship w i l l  y ie ld  an i l l o g i c a l  and 
complex var ia t ion i n  the  constant-soil  property re la t ionship  as 
the values of the o ther  independent var iables  are changed. 
as a r e s u l t  of t h i s  f a c t ,  re la t ionships  between the  equation constants 
and i n  s i t u  s o i l  propert ies  a re  not w e l l  understood. The iden t i ca l  
form of the  expressions f o r  t o t a l  penetration reported by Poncelet- 
Petry and developed by  Young (1969) from extensive test r e s u l t s  
might ind ica te  t h a t  the  Poncelet-Petry assumptions are the m o s t  
accurate. 
Scot t  (1962) reported a s imilar  type of solut ion except t h a t  
(a) the  soil  penetration resis tance i s  assumed t o  be some function 
The accuracy of the  resu l tan t  equations 
P a r t i a l l y  
of penetration instead of instantaneous veloci ty ,  and 
through a simple moeel, the weight of the so i l  moving with the (b) 
penetrometer i s  included. 
The c r i t i ca l  comments mentioned above a l so  apply t o  t h i s  solut ion.  
Several solut ions have been reported (McCarty and Carden, 1962; and 
Schmid, 1966, 19691 i n  which s o i l  is assumed t o  be e i t h e r  a per fec t ly  
elastic, plastic, o r  viscous material. 
special cases of each type,  s o i l  generally cannot be represented by 
such s i m p l e  models. 
lunar so i l  simulant is  probably not one of those spec ia l  cases. 
Although there  may e x i s t  a few 
Impact penetration of lunar s o i l  o r  a terrestrial 
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4. Moore (1967) has developed a solut ion based on the  pr inc ip le  of the  
Conservation of Energy and several  assumptions. The statist ical  study 
conducted by Mitchell e t  a l ,  (1969) i n  which several  theore t ica l  
solutions w e r e  evaluated concluded t h a t  the bes t  equation fo r  t o t a l  
penetration is of a form qui te  s imi la r  t o  Moore's. 
5. The so lu t ions  reported by Scot t  (1962) and Shipley (1967) are based 
on the s t a t i c  bearing capacity theory of s o i l s  modified to  include 
i n e r t i a l  so i l  res is tance.  This i n e r t i a l  s o i l  res is tance is  determined 
by assuming the veloci ty  f i e l d  within the  soi l  m a s s .  ,The accuracy 
of solut ions derived i n  t h i s  way depends primarily on the accuracy 
of the assumed veloci ty  f i e l d ,  Although ex is t ing  experimental 
information on the ac tua l  velocity f i e l d  occurring i n  s o i l s  during 
impact penetration is qui te  meager, these s tud ies  indicate  t h a t  the 
"general shear" veloci ty  f i e l d  
l imited cases. A l s o ,  it appears t h a t  t he  actual  veloci ty  f i e l d  i s  
a function of penetration. 
\ 
usually assumed is  va l id  i n  only 
6. Schmid (1966) and Tsai (1967) have derived solut ions i n  which s o i l  is 
assumed t o  be represented by rheological models consisting of springs 
and dashpots. To determine penetration as a function of t i m e ,  a 
functional re la t ionship for  the soi l  res is tance as a function of 
t i m e  must be assumed. In general, the s o i l  res is tance versus t i m e  
plot: 
(a) Assumes a fixed shape only within l imited ranges of the independent 
var iables ,  and 
(b) Is a complex curve which would be d i f f i c u l t  t o  represent 
mathematically. 
I t  is qu i t e  possible t h a t  t h i s  solut ion may be va l id  fo r  spec ia l  
cases. Impact penetration of ' lunar  s o i l  o r  a t e r r e s t r i a l  lunar s o i l  
simulant is probably not one of those cases. 
7 .  Thompson (1966) has developed a se t  of p a r t i a l  d i f f e r e n t i a l  equations 
which govern the impact penetration problem. This study i s  one of 
the m o s t  rigorous ex i s t ing  theore t ica l  approaches t o  t h i s  problem. 
These equations cannot be solved i n  closed form and it appears t h a t  
they are too highly nonlinear t o  be solved numerically. 
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Another Theoretical Approach Evaluated 
In  addi t ion t o  ex is t ing  theore t ica l  solutions,  the f e a s i b i l i t v  o f  
solving the problem by employing the basic  dynamic, kinematic, cons t i tu t ive ,  
and conservation equqtions t h a t  govern the behavior of materials w a s  
examined. These basic equations were wri t ten in  d i f f e r e n t i a l  form and 
combined t o  y i e ld  a set of p a r t i a l  d i f f e r e n t i a l  equations governing the 
impact penetration problem. 
coast i tut ive.equat ions for; s o i l s  w a s  conducted i n  cohjunction with t h i s  
phase of the  f e a s i b i l i t y  study. Then, several  numerical techniques f o r  
solving problems of t h i s  type including the F in i te  Element Method, the 
Particle i n  C e l l  Code, and the Hemp Code w e r e  reviewed. This type of 
theore t ica l  approach t o  the impact penetration problem w a s  terminated 
because it appeared t o  be impractical a t  the present t i m e  f o r  the following 
reasons : 
A revfew of the  state of the ar t  of dynamic 
1. Applicable s o i l  cons t i tu t ive  relat ionships  a re  not avai lable ,  
and t h e i r  determination would involve a major undertaking, and 
2. The avai lable  numerical solut ion methods are not su f f i c i en t ly  
general t o  analyze s o i l  behavior i n  t h i s  problem, 
Concl usigns 
W e  f e e l  t h a t  an attempt t o  develop a theore t ica l  solut ion to the  
impact penetration problem is not j u s t i f i e d  a t  t h i s  t i m e .  
o r  more of t he  ex is t ing  theore t ica l  solut ions t o  the  problem may be va l id  
under ce r t a in  conditions. T h i s  is  evidenced by the  similarities between 
a few of these  solut ions (Moore,1967; Poncelet, 1829; Petry,  1910) and 
equations developed s t a t i s t i c a l l y  from experimental da ta .  Unfortunately, 
the inadequacies i n  ex is t ing  tes t  da ta  discussed i n  the following sect ion 
i n h i b i t  the  determination of whether impact penetration of lunar s o i l  
is one of these conditions. Neither does t h e  tes t  da ta  provide a 
bas i s  for  t h e  der ivat ion of new theore t ica l  solut ions which may b e t t e r  
describe the impact penetration of lunar s o i l .  Therefore, before 
addi t ional  theore t ica l  invest igat ions are pursued, a special test  program 
should be conducted. 
Certainly one 
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EMPIRICAL APPROACH 
The desired analytical expressions relating the dependent and independent 
variables of the-impact penetration problem can be developed by following 
an empirical approach. In fact, several analytical expressions developed 
from terrestrial experimental test data have been reported in the literature. 
Before designing the experimental program required to develop empirical 
analytical expressions for the impact penetration of lunar soil, the 
relative and absolute merits of existing expressions and the factors 
limiting their extrapolation to the lunar environment were examined. 
Existing Empirical Analytical Expressions 
The dependent variables that have been considered in previous 
empirical investigations are the total penetration, the maximum deceleration 
experienced by the penetrometer, and the rise time (time to reach the 
maximum deceleration). 
are not discussed in this section because their derivations have been 
based on only limited test results. The existing empirical expressions 
relating total penetration to the independent variables of this problem 
are summarized below. 
Relationships derived for the latter two variables 
1. McCarty and Carden (1962) : 
1/2 2/3 
vO K'm 
D P =  
3 / 2  
0 
P = K"mV 
(low velocity) 
(high velocity) 
K' , K" = constants. 
2. Woodward, Clyde, Sherard, and Associates (1962 - 1967):  
P = -ln(l 1 + BVo) or P = $n(l 1 + bV 2 ) a 0 
a ,  6, d, b = constants. 
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3, Mitchell  e t  a l ,  (1969) : 
P = KnQ 1 /2  vo + Po f o r  V < 200 fps  
0 -  
K = constant 
4. Young (1969) : 
p = o.!j3sn(Q)1’21n(l + 2. X 10 -5 Vo) 2 for vo < 200 fPS 
p = 0.0031Sn(Q1/2) (Vo - 100) f o r  Vo 2 200 fps 
An attempt to  evaluate both the r e l a t i v e  and absolute m e r i t s  of these 
expressions u t i l i z i n g  ex is t ing  experimental test da ta  proved generally 
inconclusive due t o  the following inadequacies i n  the test  data.  
1. Each experimental program u t i l i z e d  penetrometers of d i f f e ren t  
dimensions and frequently even d i f f e ren t  shapes making interpre-  
t a t i o n  and in t e r r e l a t ion  of the avai lable  tes t  da ta  d i f f i c u l t .  
Often it w a s  impossible t o  determine whether the  equation w a s  
i n  e r r o r  because of the manner i n  which the  penetrometer shape 
and dimensions o r  the other independent var iables  w e r e  handled. 
Tests i n  which the  i n  s i t u  s o i l  propert ies  w e r e  w e l l  control led 
have usually been l imited t o  very l o w  impact ve loc i t i e s  (10 t o  
60 f p s ) .  
been determined. I t  was found t h a t  a l l  of the above expressions 
could be made t o  f i t  most of these tes t  r e s u l t s  reasonably w e l l .  
In m o s t  cases, a t  l e a s t  t w o  additional. points -one a t  a high 
impact veloci ty  and one a t  zero impact veloci ty  -would have 
been required t o  evaluate these expressions. 
2. 
In no study has the penetration a t  zero impact veloci ty  . 
3 .  In  very few t e s t  programs w e r e  the  s o i l  propert ies  varied over 
a su f f i c i en t ly  wide range t o  accurately ident i fy  t h e i r  e f f e c t  
on total  penetration. 
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A n  addi t ional  well-planned experimental proqram w i  II be required b ~ f o r e  
conclusive s t a t emen t s  concerning the r e l a t ive  and absolute merits o f  the  
above expressions can be made. In general, the accuracy of the above 
expressions when determined from the same tes t  data  used t o  develop the 
expressions i s  on the order of 220%-  Therefore, the impact penetration 
test has the  po ten t i a l  t o  y ie ld  approximately the same accuracy as the  
other  common techniques f o r  determining the i n  s i t u  s o i l  propert ies  
mentioned i n  the  Introduction. 
, 
Extrapolation to the  Lunar Environment 
The fac tors  t h a t  may restrict  extrapolation of t e r r e s t r i a l  experimental 
test data and resu l tan t  empirical expressions t o  the lunar  environment are:  
1. The influence of the a i r  pressure a t  the soil  surface has 
been studied only under l imited conditions (e.g., very s m a l l ,  
l i g h t  penetrometers impacting a t  l o w  ve loc i t i e s ) .  
2. The e f f e c t  of the  gravi ta t ional  f i e l d  has not been experimentally 
evaluated. 
Existing test  r e s u l t s  indicate  t h a t  the a i r  pressure a t  the soi l  
surface may have a very important e f f e c t  on the output of the penetrometer. 
The probable e f f e c t  of the reduced gravi ta t iona l  f i e l d  can only be estimated 
qua l i t a t ive ly  a t  present. Its probable e f f e c t  w i l l  be t o  increase the 
t o t a l  penetrat ion and the cha rac t e r i s t i c  t i m e s  of the acceleration-time 
signature while deczeasing the measured accelerations.  The effect  of 
the  a i r  pressure a t  the s o i l  surface can and should be evaluated 
experimentally, but the e f f e c t  of the grav i ta t iona l  f i e l d  might b e s t  be 
estimated theore t ica l ly .  
Concl u s i  ons 
The accuracy achieved by previous empirical invest igat ions supports 
the  fur ther  development of the impact penetration test  as a means of 
determining i n  s i t u  s o i l  propert ies .  Additional experimental t e s t ing  
w i l l  be required t o  f i l l  gaps’ i n  ex is t ing  t e r r e s t r i a l  test r e s u l t s  and 
t o  provide a basis fo r  the extrapolation of these tes t  r e s u l t s  to  the  
lunar environment. 
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EXPERIMENTAL PROGRAM 
Before pursuing fur ther  theore t ica l  o r  empirical invest igat ions,  
an experimental program should be conducted which w i l l :  
1. Yield an improved understanding of the deformation pa t te rn  
witkin the s o i l  mass during penetration. 
Provide tes t  da ta  t o  evaluate ex is t ing  theore t ica l  and empirical 
ana ly t ica l  expressions re la t ing  the dependent and independent 
var iables  of the  impact penetration pr9blem. 
Form a bas is  from which new theore t ica l  and empirical ana ly t ica l  
2. 
3 .  
expressions can be developed 
inadequate. 
i f  ex is t ing  expressions prove 
4. Provide tes t  da ta  on which extrapolation of terrestrial test 
r e s u l t s  t o  the lunar  environment can be based. 
The following fac tors  w e r e  condidered i n  designing an experimental 
program t o  m e e t  these goals. 
Dependent Var iables  
I n  a laboratory invest igat ion,  a wide var ie ty  of dependent var iables  
could be measured. Because the  acceleration-time signature of the penetrometer 
is expected t o  be the eventual penetrometer output, it w i l l  be used i n  
t h i s  program. 
accelerometer on the  penetrometer. In addition, the def lect ion of the 
s o i l  surface,  the amount and d is t r ibu t ion  of e j ec t a ,  and the deformation 
pa t t e rn  within the  s o i l  t a r g e t  w i l l  be considered. A combination of 
photographic and d i r e c t  measurement techniques w i l l  be employed t o  
evaluate these dependent variables.  
This signature w i l l  be obtained by mounting a c rys t a l  
Pene tr  o m  ter 
The se lec t ion  of the penetrometer t o  be used i n  t h i s  invest igat ion 
w a s  based on a consideration of the following: 
1. The ease with which the penetrometer can be adapted t o  ant ic ipated 
environments, 
2. The sens i t i v i ty  of the penetrometer t o  desired s o i l  propert ies  
a t  the desired depths, 
3 .  The a b i l i t y  t o  analyze penetrometer Ou tpu t  ana ly t ica l ly  based 
on present day knowledge i n  the f i e l d  of s o i l  mechanics, 
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4 ,  S imi la r i ty  t o  other  s o i l  mechanics problems such as p i l e  
dr iv ing  and impact loaded footings,  
5. Repeatabil i ty of penetrometer output including desired 
in sens i t i v i ty  t o  extraneous conditions, and 
The number of bas ic  dimensions required to characterize the  
penetrometer. 
6. 
The penetrometer selected f o r  t h i s  experiment program is a cone-tipped 
r igh t -c i rcu lar  cylinder having the following dimensions. 
Overall Length = 1.5 f e e t  
L/D of Nose z 2 
Diameter = 1% in .  
Weight z 8 lbs 
Material = Steel 
Soi 1 s 
The cr i ter ia  establ ished fo r  se lec t ing  the  s o i l  t o  be tes ted  i n  t h i s  
program were : 
1. The s o i l  should simulate lunar s o i l  a s  much as possible.  
2. The s o i l  composition should not undergo major changes over the 
range i n  environmental conditions t o  be evaluated. 
3 .  The s o i l  should not require excessive amounts of t i m e  t o  prepare 
f o r  tesYing . 
W e  believe t h a t  a dry granular s o i l ,  such as a f ine  sand, would b e s t  
s a t i s f y  these c r i t e r i a ,  and the lunar soi l  simulant developed by Mitchell 
e t  a l .  (1970a) w i l l  ce r ta in ly  be considered. 
Independent V a r i a b l e s  
The independent var iables  control l ing impact penetration include 
penetrometer pre-impact f l i g h t  variables,  environmental var iables ,  and 
soi l  property variables.  
1. Penetrometer pre-impact f l i g h t  v a r i a b l e s  
The purpose of t h i s  study and the state of the art  of in te rpre t ing  
impact penetrometer da ta  does not j u s t i f y  the evaluation of the e f f e c t s  
of impact angle, ro ta t iona l  velocity,  etc., a t  t h i s  t i m e .  Instead, the 
penetrometer w i l l  be constrained t o  motion i n  which i t s  axis of revolution 
and veloci ty  vector are coincident and normal to the s o i l  surface. A l s o ,  
the penetrometer w i l l  have zero ro ta t iona l  velocity about i t s  ax is  of 
revolution. The remaining pre-impact f l i g h t  variable i s  V impact 
velocity.  The range i n  impact velocity t o  be investigated i s  0 - 200 fps. 
0' 
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2 - Environmental v a r i a b l e s  
It i s  impractical at this time to attempt to evaluate cxperim6:ntolLy 
the effects of tho qravitational field and temperature on impact penetration. 
Also, the only soil pore fluid to be studied will be "air". The remaining 
environmental variable is p, air pressure at the soil surface. The range 
in air pressure at the soil surface to be investigated is 1 X 10 to 760 Torr. 
3. Soil p r o p e r t y  v a r i a b l e s  
-1 
For one particular dry granular soil, the only soil property that 
can be varied is e, void ratio. The range in void ratio to be investigated 
is e - e  For any given void ratio, two soils may differ maximum minimum' 
in the following properties. 
- Specific gravity of the solids 
- GS 
D1O Particle diameter below which 10% by weight of the particles 
are finer 
Particle diameter below which 60% by weight of the particles 
are finer 
- 
D60 
q - Shape of gradation curve 
Ro - Roundness of particles 
- Sphericity of particles 
M - Mineralogy. 
The range in the later variables to be studied will be as wide as possible 
within reasonable time and cost constraints. The number of tests to be 
conducted will depend on the variability of the dependent variables 
over the anticipated range of independent variables to be investigated. 
At present, we anticipate that approximately fifty tests will be needed. 
V e l o c i t y  Generat ing  and Measuring Devices 
Several possible velocity generating devides were considered €or 
this program. For reasons of safety and reproducibility, a compressed 
air gun was finally selected. A simplified schematic diagram of the air 
gun to be fabricated for this program is shown in Figure 2-6 and the 
operation of the gun is outlined below. 
1. The penetrometer is placed in the position shown in the diagram. 
2. The solenoid valve is activated to close the line connecting 
the pressure vessel to the top of the penetrometer. 
3 .  The air pressure is built up in the pressure vessel to the 
desired test pressure. 
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.I-- Solenoid valve 
Pressure line 
Manual valve - 
Penetrometer 
Elastomer seal 
Fig.  2-6. Schematic diagram for compressed air gun. 
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4, The solenoid valve i s  activated to  open the l i n e  connectinq the  
pressure vessel t o  the  top of the penetrometer, thus f i r i n q  I-lie 
penetrometer. 
The veloci ty  of t h e  penetrometer w i l l  be dctc?rmined i n  c1 v c ~ l o c i  t v  
t r a p  consis t ing of a p a i r  of photocells connected t o  an oscilloscorw 
equipped with a camera. 
Vacuum Chamber 
The design and construction of a vacuum chamber i n  which t o  conduct 
tests of t h i s  s o r t  would involve a major undertakinq. However, such a 
vacuum chamber has already been b u i i t  and is i n  use  a t  the  A m e s '  Research 
Center. 
i f  our t e s t i n g  can be performed without disrupting s tudies  presently being 
M r .  D. V. Gault of Ames has kindly offered the use of t h i s  chamber 
conducted i n  the chamber. W e  appreciate t h i s  o f f e r  and intend to  make 
every e f f o r t  t o  attempt t o  design a program acceptable t o  M r .  Gault. 
Concl usi on 
A conceptual design of an experimental program necessary t o  advance 
the s t a t e  of the  a r t  of impact penetration has been completed. 
fabr icat ion of the  equipment required t o  conduct this experimental program 
is now i n  progress. 
The 
CONCLUSIONS 
The use of the impact penetration test  as a technique fo r  determining 
i n  s i t u  so i l  propert ies  i s  promisinq. Indications are t h a t  the accuracy 
t o  which s o i l  propert ies  can be determined by t h i s  type of tes t  is 
approximately the same a s  t h a t  exhibited by other common tests mentioned 
i n  the Introduction. A t  the  s a m e  t i m e ,  the  impact penetration test  
possesses several  advantages when compared t o  these other  tests par t icu lar ly  
i f  the s o i l  deposit  t o  be evaluated i s  located i n  a remote area such as 
on an e x t r a t e r r e s t r i a l  body. 
. The ex i s t ing  quant i ta t ive  expressions re la t ing  the  dependent and 
independent var iables  of the  impact penetration problem need fur ther  
study. This is  pa r t i cu la r ly  evident when the e f f e c t  of differences 
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between terrestrial and e x t r a t e r r e s t r i a l  environments are considered, 
Unfortunately, inadequacies i n  exis t ing experimental test  data prohibi t  
addi t ional  j u s t i f i a b l e  theore t ica l  or empirical quant i ta t ive investigations.  
Therefore, an experimental program has been designed t o  provide a 
bas is  for  addi t ional  theore t ica l  and/or empirical quant i ta t ive investigations.  
A conceptual design of t h i s  experimental program has been completed. 
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SYMBOLS 
A 
a 
C 
CRH 
D 
D1O 
D60 
e 
F 
g 
Os 
0 
K 
L 
M 
m 
r 
Ro. 
S 
t 
tm 
tr 
vO 
V 
w 
frontal area of the penetrometer 
acceleration 
soil cohesion 
caliber radius head of ogive noses 
diameter of penetrometer 
particle diameter below which 10% by weight of the particles 
are finer 
particle diameter below which 60% by weight of the particles 
are finer 
soil void ratio 
vertical soil resistance 
acceleration of gravity 
specific gravity of soil solids 
coefficient of earth pressure at rest 
characteristic length of penetrometer 
mineralogy of soil particles 
penetrometer mass 
Standard Penetration Test "blow count" 
soil bearing capacity factors 
penetrometer nose shape and dimensions constant 
total impact penetration 
total penetration at zero impact velocity 
air pressure at the soil surface 
penetrometer frontal loading (= W/A) 
type of soil gradation curve 
penetrometer radius 
soil particle roundness 
soil constant 
soil particle sphericity 
time 
total duration time of the penetration process 
rise time (time to reach maximum deceleration) 
instantaneous penetrometer velocity 
impact velocity 
penetrometer weight 
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Z instantaneous depth of penetration 
+ so i l  angle of in t e rna l  f r i c t i o n  
penetrometer mass density 
so i l  t a rge t  m a s s  density 
m a j o r  and minor pr inciple  stresses i n  the  so i l  targe‘t 
% 
“1‘ 5 ’ 
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Chapter 3, LUNAR SOIL STABILIZATION USING URETHANE FOAMED PLASTICS 
T. S .  Vinson, T, Durgunoglu, and J.. K. Mitchell 
INTRODUCTION 
The s u r f a c e  of t h e  moon c o n s i s t s  of  a fragmental  su r f ace  l aye r  
( ca l l ed  a "soi l"  by us ,  r e f e r r e d  t o  as t h e  " r ego l i th"  by some) over ly ing  
blocky o r  coherent  mater ia l .  Lunar su r face  opera t ions  of var ious t 
r e l a t e d  to  bas ing  t h a t  may be contemplated f o r  t h e  post-Apollo pe r iod  
w i l l  be inf luenced d i r e c t l y  by the  c h a r a c t e r i s t i c s  of t h i s  l aye r .  
Therefore,  where it is  determined t h a t  e x i s t i n g  lunar  materials 
may not be s a t i s f a c t o r y  i n  t e r m s  of s t r e n g t h ,  compressibi l i ty ,  o r  perme- 
a b i l i t y ,  some f o r m  of s t a b i l i z a t i o n  such as t h e  a l t e r a t i o n  of p r o p e r t i e s  
t o  improve performance may be necessary.  
Rela t ive  t o  lunar  payload l i m i t a t i o n s ,  t h e  mos t  d e s i r a b l e  s t a b i l i z e r  
would be one that s t a b i l i z e s  t h e  g r e a t e s t  volume of s o i l  pe r  u n i t  weight 
o f  s t a b i l i z e r  t ranspor ted  t o  t h e  moon. Exis t ing  s t a b i l i z e r s  used i n  
t e r r e s t r i a l  app l i ca t ions  have a r e l a t i v e l y  low r a t i o  of s t a b i l i z e d  volume 
t o  i n i t i a l  weight of s t a b i l i z e r .  The use o f  a foamed p l a s t i c  a s  a 
s t a b i l i z i n g  agent  has been inves t iga t ed  f o r  lunar  app l i ca t ion ,  because 
it o f f e r s  t h e  prospect  o f  low-density systems. 
Of t h e  n ine  commercially a v a i l a b l e  foamed p l a s t i c  types (see Vinson 
and Mi tche l l ,  1970) polyurethanes (urethanes)  were se l ec t ed .  Thei r  
choice w a s  based on cons idera t ion  of t h e i r  p o t e n t i a l  t o  s t a b i l i z e  lunar  
materials and t o  m e e t  t h e  lunar  phys ica l  and environmental c o n s t r a i n t s .  
The purpose of t h i s  research  program has been to eva lua te  urethane 
foamed p l a s t i c s  as lunar  s o i l  s t a b i l i z i n g  agents .  The emphasis thus  
f a r  has been pr imar i ly  on s o i l  grout ing;  i .e.,  t he  s t a b i l i z a t i o n  of a 
s o i l  mass by i n j e c t i o n  of  a l i q u i d  chemical system. However, l i m i t e d  
f e a s i b i l i t y  s t u d i e s  have a l s o  been made on lunar  s o i l  s t a b i l i z a t i o n  by 
1. pouring or spraying urethane foamed systems on s o i l  depos i t s ,  
and, 
2. by mixing urethane foamed systems with s o i l  depos i t s  , i .e .  , 
admixture s t a b i l i z a t i o n .  
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Previous s t u d i e s  (Vinson and Mi tche l l ,  1970) have concentrated on: 
1, Study of  t he  organic  chemistry of urethane foamed plastic. 
2 .  Development o f  urethane foamed plastic g ran t  systems f o r  u se  
under terrestrial condi t ions  . 
3 .  Evaluat ion o f  t h e  s tkength,  permeabi l i ty ,  and o t h e r  p e r t i n e n t  
mechanical p r o p e r t i e s  o f  soils s t a b i l i z e d  i n  t h e  terrestrial  
environment urethane foams. 
The research  program dur ing  the  past year  has involved: 
1. Development and use  of apparatus  t o  i n v e s t i g a t e  the in f luence  of 
t h e  l ack  of atmosphere on the  urethane foaming process. 
2. S t a b i l i z a t i o n  o f  s o i l  masses by i n j e c t i o n  grout ing  i n  vacuo. 
3 .  F e a s i b i l i t y  s tudy of  admixture s t a b i l i z a t i o n  us ing  urethane 
foamed p l a s t i c .  
Each phase is d iscussed  i n  t h e  following sections. F i r s t ,  however, a 
b r i e f  summary of  our s t u d i e s  f o r  t he  p a s t  c o n t r a c t  year  is given. 
PREVIOUS STUDIES 
C h e m i s t r y  of P o l y u r e t h a n e  Foamed P l a s t i c s  
Urethanes are produced by t h e  r e a c t i o n  of polyhydroxy compounds 
(polyols)  wi th  polyisocyonates.  Both s ingle-chain or cross- l inked 
polymeric s t r u c t u r e s  may be formed. F l e x i b l e  foams usua l ly  con ta in  
only a s m a l l  amount of  cross- l inking,  whereas r i g i d  foams are m o s t  
o f t e n  h ighly  cross- l inked.  The equiva len t  weights of f lexible-foam 
polyols  may average 1000 u n i t s ;  whereas, rigid-foam polyols  usua l ly  
average 70 t o  150 u n i t s .  
C a t a l y s t s ,  gene ra l ly  t e r t i a r y  amines and t i n  sa l ts ,  may be added t o  
a urethane system t o  c o n t r o l  or a c c e l e r a t e  t h e  rate of  reac t ion .  I n  a 
foam system, t h i s  allows gelation t o  be synchronized with maximum r i se  
o f  t h e  foam. 
Sur fac t an t s  may be added t o  a system t o  con t ro l  c e l l  sur face  t ens ion  
and thus  render  t h e  foam large-ce l led  or f ine-ce l led .  The foam s t r u c t u r e  
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is produced by blowing agents. 
that expand to form a gas in the polymer structure are available. In the 
first, the gas is produced by a chemical reaction within the polymer. In 
the second, a chemical blowing agent decomposes or gasifies (evaporates) 
in the presence of the exothermic heat of reaction. 
Two classes of chemical blowing agents 
Experimental Laboratory R e s u l t s  
Table 3-1 lists a number of urethane systems developed for use in a 
laboratory soil grouting program. These systems were found to satisfy 
several criteria established for a potential lunar grout; namely, 
1. low viscosity prior to set, so that relatively fine-grained 
materials could be treated 
2. control over setting times 
3 .  simple application 
4. ease in handling 
5. durability, and 
6. relative absence of toxicity and other hazards. 
Table 3-2 summarizes strength, elasticity, and permeability results 
for "soil cylinders" and cores taken from spherical stabilized masses. 
The injection procedure associated with each type of test sample is 
described by Vinson and Mitchell (1970) and Vinson (1970). 
The results in Table 3-2 indicate that 
1. 
2. 
3. 
Urethane plastic could be made to foam in the voids of the 
soil mass 
Significant strengthening and the impermeabilization of a 
granular soil, No. 20 Monterey sand, could be effected in the 
laboratory by the injection of urethane foamed plastic systems, 
and 
Stabilizer densities are considerably less than 1 .O g/cm3. 
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Trials 
48A, B ,C 
51,A,B 
Table 3-1. Urethane foam systems developed 
for labora tory  i n j e c t i o n  program, 
Chemical 
system 
c o n s t i t u e n t s  
TDI** 
t r i e t h y l e n e  
polyethylene 
c a s t o r  o i l  
d iac e tone 
alcoho 1 
a d i p i c  ac id  
glycol  ( T R I )  
glyco 1 
L-531 
T D I  
1,s pentanediol 
t r i e t h y l e n e  
glycol  (TRI)  
c a s t o r  o i l  
d i a c  etone 
a lcohol  
a d i p i c  a c i d  
L-531 
TDI 
d ie thylene  
c a s t o r  o i l  
d iace  tone 
a lcohol  
a d i p i c  ac id  
glycol  ( D I )  
L-531 
59.2 
46.3 
1.5 
5.0 
3.0 
3.0 
1.0 
61.4 
17.3 
24.9 
10.0 
3 .O 
0.8 
1.0 
67.2 
37.8 
10.0 
1.5 
2.0 
1.0 
Major conceptual  
framework* 
* The "major conceptual framework" is a n  i d e a l i z a t i o n  of t h e  a c t u a l  
urethane molecule formed i n  a given system; it is t h e  m o s t  r ep resen ta t ive  
molecule that  can be v i sua l i zed  f o r  a system. 
** T D I  = to luene  di isocyanate  
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Table 3-1. (Cont'd) 
Trials  
39T ,U ,V ,GS 
54u I w 
5,5G,H,J 
Chemical 
system 
const i tuents  
T D I  
tr iethylene 
TMP f 
castor  o i l  
diacetone 
alcohol 
adipic acid 
L-531 
glycol (TRI)  
TD I 
1 I 5 pentanediol 
castor  o i l  
adipic ac id  
L-531 
T D I  
diethylene 
TMP 
castor  o i l  
diacetone 
alcohol 
adipic  ac id  
L-531 
glycol ( D I )  
62.5 
20.9 
18.6 
5.0 
2.0 
0.6 
1 .o 
68.1 
37.4 
15.0 
1.3 
1.0 
64.2 
24.4 
15.5 
10.0 
5.0 
1 . 2  
1.0 
Major conceptual 
framework* 
-f TMP = 2-ethyl-2-(hydroxymethyl)-l,3-propanediol 
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a, a 
h 
c, 
QJ 
4 
cn 4 rl 4 
0 cn 
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+J E 
a, 
rl 
8 rn 
f u )  
I I  
0 0  
r l r l  
x x  
r l P  
r l P  
r - i m  
. .  
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DESIGN AND PERFORMANCE OF VACUUM APPARATUS 
In t r o d  u c t  i on 
An understanding of t h e  formation of foamed p l a s t i c s  i n  vacuo i s  
e s s e n t i a l  b e f o r e  urethane chemical systems can be designed f o r  u s e  i n  
a c t u a l  l una r  engineer ing problems. A crude vacuum apparatus  (Vinson and 
Mi tche l l ,  1970) w a s  developed t o  e s t a b l i s h  whether a foamed p l a s t i c  could 
be formed i n  vacuo. It cons i s t ed  of a vacuum d e s i c c a t o r ,  an  air-magnetic 
stirrer, and a McLeod vacuum gage connected t o  a vacuum pump. 
apparatus  it w a s  poss ib l e  t o  develop a chemical system t h a t  foamed and 
hardened i n  vacuo, but  gave l i t t l e  i n s i g h t  i n t o  the  foam formation 
mechanism. Fur the r ,  it w a s  extremely d i f f i c u l t  t o  conduct t e s t s  i n  
r a p i d  succession as t h e  space i n  t h e  vacuum des i cca to r  w a s  extremely 
l imi t ed .  
With t h i s  
D e s i g n  and Performance of V a c u u m  Apparatus  
A new appara tus  t h a t  overcomes t h e  d i f f i c u l t i e s  descr ibed above w a s  
cons t ruc ted ,  as shown i n  F igures  3-1, 3-2,  and 3-3.  This vacuum appara tus  
w a s  designed t o  al low the  following s t u d i e s :  
1. I n j e c t i o n  i n t o  s o i l  masses i n  vacuo. 
2 .  Admixture s t a b i l i z a t i o n  using urethane chemical systems i n  
vacuo (with s l i g h t  apparatus  modi f ica t ions) .  ' 
3 .  Development of urethane spray systems i n  vacuo. 
The vacuum chamber is  s teel ,  18 inches i n  diameter and 1 2  inches 
high. The i n s i d e  sur face  of t h e  chamber is  n icke l -p la ted  f o r  easy 
cleaning.  The top  p l a t e  is detachable  so t h a t  mixing jars and o t h e r  
equipment can be e a s i l y  removed. An O-ring seal is  used to  prevent  
a i r - leakage.  A vacuum of 50 m i l l i t o r r  is  reached a f t e r  a pumpdown t i m e  
of 10 minutes. 
A g l a s s  t r a p  is  loca ted  between t h e  pump and t h e  vacuum chamber to  
prevent  contamination of t h e  pump o i l  by condensable vapors .  The t r a p  
conductance is  high and causes  no more than 10% reduct ion  i n  pump speed. 
Dry i c e  and acetone are used as a r e f r i g e r a n t  i n  t h e  t r a p .  
Toluene d i i socyanate  ( T D I )  and polyol,  the  two major components i n  
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Readout 
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To pump Air rei valve Porthole 
VACUUM 
CHAMBER 
Drainage I 
Fig. 3-1. Schematic diagram of vacuum appara tus .  
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Legend 
Injection of polyol 
Injection of TO1 
Mixing 
@ Injection of associated 
system into soil 
Fig .  3-2. Scheniatic diagram o f  inixiny table and soi l  
injection molds in vacuuiii apparatus. 
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(a) Front  View 
(b) Top View 
F i g .  3-3. Vacuum apparatus f o r  foam formation s tudies .  
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urethane chemical systems, can be introduced in to  a mixing jar i n  the  
vacuum chamber through separate l i n e s ,  o r  by inject ion i n t o  the chamber 
i n  an "associated state e "* 
If the  components are introduced i n t o  the  sys tem by separate l i n e s ,  
the  procedure is  t o  puncture a rubber seal with a syringe and i n j e c t  the 
T D I  o r  polyol i n t o  a mixing jar i n  the vacuum chamber. The puncture i s  
resealed with vacuum grease after each operation t o  prevent air-leakage. 
During the in j ec t ion  operation, the vacuum i n  the chamber increases t o  
approximately 200 mi l l i t o r r .  With the  pump i n  continuous operation, the 
chamber re turns  t o  50 m i l l i t o r r  a f t e r  approximately 2 minutes. The 
components are mixed with a rotary s t i r r i n g  shaf t .  The sha f t  i s  sealed 
with O-ring ro ta ry  sha f t  seals. There is  no change i n  the  vacuum 
reading during the  mixing operation. 
Urethane systems can be injected i n t o  soil  masses contained i n  
hollow polypropylene molds. The inject ion procedure is t o  i n s e r t  a 
syringe cannula, 5.0 inches long, through a rubber seal f i t t e d  t o  the  
top of the chamber, in to  the  polypropylene mold. ( A s  before,  the rubber 
seal is  resealed with vacuum grease a f t e r  the  operation.) 
stoppers, one with a hole through which the  cannula can be inser ted,  are 
Two rubber 
placed a t  e i t h e r  end of the  mold t o  prevent movement of the  s o i l  mass. 
During t h i s  operation the  vacuum increases t o  approximately 100 m i l l i t o r r .  
A l l  operations a re  observed from e i t h e r  one of t he  two porthole 
windows. The vacuum i n s i d e  the  chamber i s  measured using a thermocouple 
vacuum gage. 
* 
the  polyol and "DI molecules i n  a given system have come i n t o  alignment. 
An "associated s t a t e "  may be thought of as a chemical s t a t e  i n  which 
That is  t o  say, OH groups on the polyol molecules are i n  close proximity 
t o  the  NCO groups on the T D I  molecules. 
reacted i n  t h e  sense of forming a polymeric s t ruc ture ,  but  there i s  a 
d i s t i n c t  formation of a homogeneous solut ion.  
They have not a t  t h i s  t i m e  
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FOAM FORMATION I N  VACUO 
T h e o r y  
The theo re t i ca l  considerations allowing the  development of a foamed 
p l a s t i c  system f o r  use i n  vacuo have been described i n  d e t a i l  i n  a 
previous r epor t  (Vinson and Mitchell, 1970). In  summary, those consider- 
a t ions  may be s t a t e d  as follows: 
1. To withstand the  in t e rna l  gas pressure i n  vacuo, t he  t e n s i l e  
s t rength of the  foam bubble sk in  must be considerably stronger 
than a t  atmospheric pressure. In  developing urethane foamed 
p l a s t i c  systems i n  vacuo, the polymer s t ruc ture  of the urethane 
p l a s t i c  must be formed rapidly enough t o  develop the required 
t e n s i l e  s t rength or no foam w i l l  be produced. 
> 
2.  The a b i l i t y  t o  form a polymer rapidly is a function primarily 
of t h e  r e l a t ive  rate of r eac t iv i ty  of TDI  with various cons t i t -  
uents i n  the  chemical system. Thus, chemical const i tuents  with 
a rapid rate of r eac t iv i ty  must be chosen i f  a foam is t o  be 
developed i n  vacuo. 
3 .  I t  is  known t h a t  t he  vaporization temperature of ce r t a in  chemicals 
decreases as the  pressure i n  t h e i r  surroundings decreases. This 
is  t r u e  for  the tolylene diisocyonate common t p  a l l  urethane 
chemical systems. Therefore, i f  a desirable  foam s t ruc ture  i s  
t o  be produced, t h e  sys tem should be formulated t o  minimize 
vaporization; i.e., a high vaporization temperature is desirable .  
Experimental R e s u l t s  
Foam f o rmat ion  i n  vacuo. 
Pursuant t o  the  theore t ica l  requirements s ta ted  above, several  
urethane foam systems w e r e  developed and t e s t ed  i n  g lass  jars i n  t h e  
vacuum apparatus. Table 3-3 lists these systems. 
In  some t r ia l s  ,vaporization of t he  polyisocyonate component of t he  
systems w a s  minimized by employing the technique of "prepolymerization"; 
i .e. ,  a measured amount of the  polyol component w a s  mixed with the  T D I  
p r io r  t o  in jec t ion  in to  the  vacuum apparatus. Effectively, the average 
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molecular weight of the T D I  component was increased, and i t s  vaporization 
tendency i n  vacuo decreased. 
spec ia l  techniques t o  preclude vaporization of the polyols. 
I t  w a s  not found necessary t o  employ any 
It may be seen t h a t ,  i n  general, most of the systems tes ted  yielded 
unsatisfactory foams. There may be a t  l e a s t  three reasons fo r  these 
r e su l t s .  F i r s t ,  with the exception of one system, a l l  systems w e r e  
mixed i n  the vacuum apparatus. 
found t o  be poor. Typically, a reaction would t a k e  place a t  the in t e r -  
face of the T D I  and the polyol components before the system could be 
thoroughly mixed. This i n i t i a l  reaction led t o  a polymeric s t ruc ture  
t h a t  probably deviated considerably from the  predicted conceptual f r a m e -  
work. The n e t  r e s u l t  w a s  a weak, f r i ab le  foam. 
The mixing i n  t h i s  s ing le  instance was 
Second, while the  urethane systems tes ted  i n  t h e  vacuum apparatus 
w e r e  designed t o  have a rapid polymer formation a b i l i t y ,  and i n  f a c t  d id  
exhib i t  rapid polymer formation under t e r r e s t r i a l  conditions, the  rate 
of reactions w a s  apparently s t i l l  too low r e l a t i v e  t o  vacuum conditions. 
Observations of the foam formation i n  vacuo indicated t h a t  during t h e  
first few seconds of react ion,  the  polymer s t ruc ture  d id  not develop the 
required t e n s i l e  s t rength t o  preclude the escape of i n t e rna l  gas. It  
was only a f t e r  the reaction was reasonably f a r  along ( typical ly  a f t e r  
1 5  t o  20 seconds) t h a t  a foam s t ruc ture  began t o  develop. Even a t  t h i s  
t i m e  only l a rge  foam bubbles appeared, indicat ing t h a t  the  in te rna l  gas 
was a t  a very low pressure before it could be ef fec t ive ly  confined. 
Final ly ,  the  temperature of the sys tem during the  reaction w a s  
extremely high. The general e f f ec t s  of the  high temperature a re  a 
disruption i n  the  buildup of the  polymer s t ruc ture  and high in t e rna l  
gas pressures which, again, cause a poor foam structure  t o  be formed. 
To overcome the d i f f i c u l t y  of mixing the  components i n  the vacuum 
apparatus, several  attempts w e r e  made t o  introduce associated systems 
i n t o  the vacuum apparatus. For the majority of the sys tems,  it w a s  
found t h a t  t he  react ion time* w a s  too f a s t  (less than 5 seconds) t o  
* The react ion t i m e  i s  defined as the t i m e  between association and the  
formation of a polymeric s t ruc ture  su f f i c i en t ly  developed as t o  preclude 
in jec t ion  grouting, or t he  t i m e  between association and an obvious reac-  
t i o n  of any nature. 
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allow introduction in to  the  chamber, To overcome t h i s  problem, the 
components w e r e  cooled before association. This allowed the  react ion 
t i m e  t o  be increased t o  approximately 15 seconds i n  one system (V3D1, 
making in jec t ion  i n t o  the apparatus possible.  However, while the foam 
produced i n  such an operation w a s  be t t e r  than t h a t  produced with the  
same system when mixing w a s  done i n  the  apparatus, it w a s  s t i l l  
unsatisfactory.  
Further attempts t o  increase the polymer formation a b i l i t y  o r  t o  
reduce the hea t  of react ion for  foams generated i n  the  absence of so i l  
w e r e  discontinued when it w a s  discovered t h a t  behavior i n  s o i l  w a s  
d i s t i n c t l y  d i f f e r e n t  than it was i n  an open glass  j a r .  
Soil g r o u t i n g  i n  vacuo. 
Cylinders of two types of s o i l  w e r e  grouted i n  vacuum following the  
procedure described above. It w a s  found t h a t  masses of N o .  20 Monterey 
sand could be s t ab i l i zed  i n  vacuo using e i the r  system 39 (Table 3-1) or 
system V3D (Table 3 - 3 ) .  Stress-s t ra in  re lat ionships  i n  unconfined 
compression tests a re  shown i n  Figure 3-4 for three s o i l  cylinders.  All 
of the  cylinders had unconfined compressive s t rengths  of approximately 
4500 ps i .  The foam dens i t ies  i n  the s t ab i l i zed  masses w e r e  approximately 
0.50g/cc s 
It i s  of i n t e r e s t  t o  note t h a t  the unconfined compressive s t rength 
f o r  V3H ( sys tem 39) is approximately the  s a m e  a s  t h e  unconfined compres- 
s ive  s t rength fo r  s o i l  cyl inders  grouted using the same system under 
t e r r e s t r i a l  conditions. 
Inject ions in to  a lunar s o i l  simulant (Houston, Namig, and Mitchell, 
1970) did not prove as successful as  in jec t ions  in to  N o .  20 Monterey 
sand. Penetration grouting, i .e. ,  f i l l i n g  the  i n t e r s t i t i a l  voids within 
a s o i l  mass with a s t ab i l i z ing  agent, w a s  not possible because of t he  
r e l a t ive ly  fine-grained nature of the simulant. Thus, no s o i l  cyl inders  
w e r e  formed. When an in jec t ion  w a s  attempted, the associated urethane 
system would seek a path of least flow res i s tance ,  typ ica l ly  along the  
wall  of the cy l indr ica l  in jec t ion  mold. Some foaming occurred which 
tended to  compact the lunar soi l  simulant somewhat. 
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Fig. 3-4. Relationship between stress and strain for 
No. 20 Monterey sand stabilized in vacuo. 
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Perhaps t h e  most s i g n i f i c a n t  experimental  f a c t  r e s u l t i n g  from 
grout ing  soi l  masses i n  vacuo i s  that  it is no t  necessaxy t o  use a 
urethane system wi th  a rapid polymer formation a b i l i t y  t o  form a foam 
s t r u c t u r e ,  (This does no t  imply t h a t  a r ap id  polymer formation a b i l i t y  
w i l l  no t  be necessary i n  a "pour-on" or "spray" lunar  urethane s tabi l i -  
za t ion  app l i ca t ion . )  There are a t  l e a s t  t w o  f a c t o r s  t h a t  allowed t h e  
foam to form i n  a s o i l  mass. F i r s t ,  t h e  so i l  acts as a h e a t  s ink  f o r  t h e  
urethane systems. Thus, t h e  polymeric s t r u c t u r e  develops t o  a g r e a t e r  
degree before  blowing occurs. Fur ther ,  t h e r e  i s  less d i s rup t ion  of t h e  
a s soc ia t ed  system and less blowing i n  t h e  system due t o  t h e  hea t  of t h e  
r e a c t i o n  vapor iz ing  some of t h e  components. Also, t h e  gas t h a t  is  pro- 
duced is a t  a l o w e r  p re s su re  because of t h e  l o w e r  temperature of t h e  
system. 
Second, t h e  s o i l  p a r t i c l e s  confine t h e  expanding foam. In  an open 
conta iner ,  such as t h e  g l a s s  jars used i n  t h e  experiments, t h e r e  is  no 
confinement of t h e  foam s t r u c t u r e .  The foam bubbles expand t o  a s i z e  
where the  i n t e r n a l  gas p re s su re  is  i n  equi l ibr ium with the  t e n s i l e  stress 
i n  t h e  bubble sk in .  I f  equi l ibr ium cannot be e s t ab l i shed ,  t he  bubble 
b u r s t s .  I n  t h e  s o i l  mass, however, the foam bubbles can only f i l l  up 
the  voids i n  t h e  s o i l  mass. While some e longat ion  of  t h e  foam bubble 
can.occur ,  it is probably neg l ig ib l e  i n  t h e  overall foaming process .  
ADMIXTURE STABILIZATION 
The f e a s i b i l i t y  of us ing  urethane foamed p l a s t i c  as a n  admixture 
luna r  s t a b i l i z i n g  agent  w a s  i nves t iga t ed  by mixing system 39 (Table 3-1) 
with  the  luna r  so i l  simulant.  The r e s u l t a n t  material w a s  then  compacted 
i n  a c y l i n d r i c a l  mold and allowed t o  cure f o r  one day before  unconfined 
compressive tests were conducted. Figure 3-5  shows the  r e s u l t s  of t hese  
tests. A s  i l l u s t r a t e d ,  t h e  cy l inders  had unconfined compressive s t r e n g t h s  
of 700, 4350, and 2880 p s i  r e l a t i v e  t o  f o a m  conten ts  of  5, 10,  and 15 
per  cen t  (by t o t a l  dry weight of s o i l ) .  These are extremely encouraging 
r e s u l t s  and i n d i c a t e  t h a t  urethane foamed p l a s t i c s  have p o t e n t i a l  as 
lunar admixture s t a b i l i z i n g  agents .  
\ 
The d a t a  f u r t h e r  i l l u s t r a t e  t h a t  t h e r e  is an optimum foam con ten t  
r e l a t i v e  t o  achieving t h e  h ighes t  unconfined compressive s t r eng th .  This 
3-20 
x 10 
3 x lo3 
I 
2 X I O ~  
i xi03 
Urethane E 
foamed (csi '% T C r J  
(system 39) xi061 (Oh) (psi) ' 
A 5 %  0.08 1.34 700 
0 10% 5.00 1.36 4350 
0.16 2.78 2880 IS% 
P 
I 2 3 
Strain, E-(%) 
Fig. 3-5. Typical stress-strain behavior of stabilized 
simulated lunar soil. 
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is a l s o  t rue  of m o s t  terrestrial admixture s t ab i l i z ing  agents, For 
system 39 and the  lunar s o i l  simulant, it is apparently 10 per cent ,  
CONCLUSIONS AND RECOMMENDATIONS 
Lunar S o i l  S t a b i l i z a t i o n  b y  Soi l  Grout ing 
The r e s u l t s  of t h i s  research program indicate  t h a t  grouting of 
fragmented rock masses o r  coarse-grained s o i l  masses using urethane 
foamed p l a s t i c  should be possible i n  the  luna r  environment. Urethane 
systems have been developed t h a t  can cause such inasses t o  have high 
unconfined compressive strengths.  The degree of impermeabilization 
a t ta ined  i n  these systems remains t o  be determined. While the e f f e c t s  of 
temperature on the foaming process have not been invest igated,  it is  f e l t  
t h a t  sys t ems  could be formulated, o r  t h a t  t he  ex is t ing  systems could be 
modified, t o  allow foam formation within a reasonable range of temper- 
a tures .  
Admixture Lunar S o i l  S t a b i l i z a t i o n  Using Urethane Foamed P l a s t i c s  
The use of urethane or other foamed p l a s t i c s  as admixture lunar s o i l  
s t ab i l i z ing  agents appears t o  be highly feas ib le  and may represent a 
r e a l i s t i c  approach fo r  s t a b i l i z i n g  fine-grained lunar s o i l  deposits.  
The e f f ec t  of the  lunar environment on the  admixture s t ab i l i za t ion  
process must be investigated.  Further, the  mechanical d i f f i c u l t i e s  
associated with t h i s  type of s t ab i l i za t ion  technique must be assessed. 
Pour and Spray-on Urethane Foam S y s t e m  A p p l i c a t i o n s  
I t  w a s  not possible t o  develop a su i t ab le  urethane foam system fo r  
lunar pour o r  spray-on appl icat ions.  This f a i l u r e  w a s  primarily due t o  
a mechanical system fa i lure .  I t  is f e l t  t h a t  the vacuum apparatus used 
could not accommodate urethane systems with the  extremely rapid polymer 
formation a b i l i t y  necessary fo r  such appl icat ions.  However, it is  
recommended t h a t  research work i n  t h i s  a rea  be continued s ince pour or  
spray-on appl icat ions may st i l l  represent a useful approach t o  lunar s o i l  
s t ab i l i za t ion  fo r  construction purposes. 
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Chapter 4. FEASIBILITY STUDY OF A~MIXTURE 
SOIL STABILIZATIO~ MITH ~ H E ~ O L I C  RESINS 
(T. Durgunoglu and J .  K. 
INTRODUCTION 
The feasibility of using phenolic resins as admixture stabilizing 
agents was investigated. The purpose was to determine whether a less 
expensive chemical resin system than the urethanes could be used for soil 
stabilization. 
that might be used for stabilization of unconsolidated soi ls :  
The following characteristics are desired for any system 
1. Easy mixing with soil, 
2. A controllable curing time, 
3 .  Good compaction properties, 
4. Ease of handling, and 
5. Relative absence of toxicity. 
Further treated soil should have substantially higher strength and lower 
permeability values than untreated soil. 
This section presents results of tests conducted to find chemical 
systems satisfying these criteria. Engineering property data for soil 
masses stabilized with some different phenolic resin systems developed 
are also presented. 
LABORATORY PROCEDURES 
Chemistry of Phenolic Resins  
Phenolic resin is a thermosetting" type of resin which is obtained 
as a condensation product of formaldehyde with phenols. 
Phenol-formaldehyde resins, commonly termed "phenolics," are 
produced by the stepwise polymerization of formaldehydes with phenols. 
The type of product formed in the reaction is determined by the functional- 
ity of the monomers (phenols); i.e., by the average number of reactive 
* Thermosetting resins are insoluble in common solvents due to formation 
of covalently cross-linked structure. 
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functional groups per monomer (Fig. 4-1) molecule. Polyfunctional 
monomers, such as phenols with more than two functional groups per 
mleculel give branched or cross-linked polymers, Catalysts are added 
to control or to accelerate the reaction. 
t 
Fig.  4-1. Ac t i ve  hydrogen atoms i n  phenol. 
Formaldehydes.  
Formalin is the general-purpose formaldehyde in aqueous solution 
form regularly available at 37% by weight. 
of polyoxymethylene glycols, HO-(CH 0 )  H, with n in the range of 8 to 100. 
Paraformaldehyde is a mixture 
2 n  
It is available in powder form at 95% by weight. It was used for 
this research program because a large amount of water would be objec- 
tionable in the system. 
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Phenols. 
The bas ic  s t ruc ture  of pure phenol can be represented as i n  
Fig, 4-1. However, commercial phenol obtained from coal  tar is l i k e l y  
t o  contain varying amounts of impurities. 
t he  nature of these homlogs," since they have d i f f e ren t  numbers of 
active hydrogen atoms (Fig.  4-2). 
I t  is necessary t o  control  
OH OH OH 
o-cresol m - cresol 2.6 xylenol 
Arrows indica te  ac t ive  hydrogen atoms 
F i g .  4-2. Some homologs of phenol. 
Discussion of the e f f e c t s  of these homologs on react ions is  out- 
s ide  the scope of t h i s  research program. Phenols w e r e  ca refu l ly  
examined before they w e r e  used, and co lor less  phenol w a s  taken a g  an 
indicat ion of puri ty .  
R e a c t i o n  of phenol and f o r m a l d e h y d e .  
Phenols react with aldehydes t o  give condensation products. The 
reactions are always catalyzed,  e i the r  by acids  o r  by bases. The nature 
of the  product is great ly  dependent on the  type of c a t a l y s t  and t h e  mole 
* A homolog is  a simple der ivat ive of the o r ig ina l  molecule. 
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ratio of the reactants. Major reactions can be summarized as follows: 
1, Addition to give methylol phenols, 
2. Condensation of methylol phenol and a phenol to give a 
methylene bridge. 
OH 
H 
3. 
OH OH OH 
3 .  
OH O OH OH 
Condensation of two methylol groups to give an ether bridge. 
4. Decomposition of ether bridges to methylene bridges and 
5 ormaldehyde . 
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Factors  i n f l u e n c i n g  the r e a c t i o n s  I 
The following factors  influence the reactions:  
1, Nature of phenols. A s  mentioned before,  the  r eac t iv i ty  of 
phenol is great ly  influenced by i ts  s t ructure .  Comparative 
r eac t iv i ty  of s o m e  homologs of phenol can be ordered with 
r e a c t i v i t y  varying from more t o  Less, as follows: m-cresol, 
phenol, o-cresol, 2.6 xylenol. 
2. The mole r a t i o  of reactants .  Thompson (1941) has studied the  
e f f e c t  of the formaldehyde-to-phenol r a t i o  on t ens i l e ,  compres- 
sive,and impact s t rengths  of the  cured res in .  
improve as the r a t i o  increases from 1.0 t o  3.5. The e f f e c t  of 
t h i s  r a t i o  on compressive strength of r e s in  i s  given i n  
Figure 4-3.  
The propert ies  
3 .  Catalysts .  The speed, as w e l l  as the  course of the  reac t ion ,  
is grea t ly  affected by the presence of d i f f e r e n t  ac id  o r  
a l k a l i  ca ta lys t s .  Although the  formaldehyde-to-phenol r a t i o  is 
the main factor ,  t h e  type of product formed a l s o  depends great ly  
on the  choice of t h e  ca ta lys t .  Alkaline c a t a l y s t s  favor the  
formation of phenolic alcohols, ac id  ca t a lys t s  favor the 
formation of methylene bridges. 
4 .  Temperature. The react ion r a t e  approximately doubles f o r  every 
10 OC rise i n  temperature. 
A n a l y t i c a l  Laboratory Procedure 
I t  w a s  necessary t o  determine what proportions of chemicals should 
be used to  achieve optimum engineering propert ies  of t r ea t ed  s o i l .  
w a s  accomplished by taking a 1.5 t o  1.0 mole r a t i o  of formaldehyde+o- 
phenol as recommended by d i f f e r e n t  invest igators .  (Thompson, 1941). 
Later,  a 1.7 t o  1.0 r a t i o  w a s  used i n  order not t o  have unreacted phenol 
i n  the system; 0.3 mole of sodium hydroxide w a s  used f o r  each mole Of 
phenol for  preparing the  res in .  
This 
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1.0 2 -0 3.0 4.0 
MOL ratio of formaldehyde to phenol 
Fig. 4-3. Effect o f  proportion of reactants on the compressive 
strength o f  phenol -formaldehyde cas t  resins.  (After 
Thompson, 1941 . ) 
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Experimental Laboratory Procedure 
So i l  I 
A moderately expansive, l i g h t  brown, inorganic  sandy c l a y  (CL) 
from P i t t s b u r g ,  C a l i f o r n i a ,  w a s  used. C l a s s i f i c a t i o n  data f o r  t h i s  soi l  
are summarized below: 
1. Percent  sand, 33%; percent  s i l t ,  43%; precent  c l ay ,  24%; 
LL(%), 35;  P L ( % ) ,  19. 
Modified AASHO . 1 2. Maximum dry  dens i ty ,  118.9 psf  3.  Optimum water con ten t ,  13 .5% 
4. Mineralogical  a n a l y s i s  of t he  c l a y  f r a c t i o n  showed t h a t  t h e  
c l a y  minerals  p r e s e n t  are predominantly montmoril lonite wi th  a 
trace of k a o l i n i t e .  
Preparat ion  of resin. 
A s p e c i a l  f l a s k  w a s  used f o r  preparing t h e  r e s i n  t o  be used i n  
t r e a t i n g  t h e  soi l .  F i r s t ,  t h e  des i red  amount of paraformaldehyde w a s  
poured i n t o  t h e  f l a sk .  Then phenol w a s  added. Af te r  adding a c e r t a i n  
amount of water and sodium hydroxide, t h e  ba tch  w a s  mixed using a 
cons t an t  speed mixer. The temperature w a s  kept  near ly  cons t an t  a t  about 
77 OC. This w a s  necessary,  s i n c e  temperature w i l l  i nc i ease  exponen- 
t i a l l y  and cause the  r e a c t i o n  t o  be v i o l e n t .  Typical time-temperature 
curve is given i n F i g u r e  4-4. 
u n t i l  t h e  appearance of t h e  f i r s t  t u r b i d i t y .  
by adding t h e  proper amount of some organic  a c i d  such as  lact ic  ac id .  
The r e s i n  w a s  cooked* about 2 t o  232 hours 
The r e s i n  w a s  neu t r a l i zed  
Specimen p r e p a r a t i o n .  
-i S o i l  a t  the des i r ed  w a t e r  conten t  w a s  mixed with a c t i v a t e d  r e s i n .  
Mixing w a s  cont inued u n t i l  a homogeneous mix w a s  obtained.  Specimens 
* The r e a c t i o n  descr ibed i n  t h e  previous s e c t i o n  t akes  p lace  dur ing  t h e  
cooking process .  
Laboratory-cooked r e s i n  w a s  a c t i v a t e d  b y  adding d i f f e r e n t  amQunts of 
a c i d s  and bases before  mixing with soi l .  
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w e r e  compacted i n  1.4-inch-diameter Harvard miniature  compaction m o l d s  
us ing t h e  genera l  procedure descr ibed by Wilson (1964), Seven l a y e r s  of 
soi l  with f i f t e e n  tamps pe r  l a y e r  were used f o r  the  prepara t ion  o f  a l l  
specimens. Compactive e f f o r t  w a s  held cons t an t  by applying 1 2 . 5  pounds 
of  f o r c e  to t h e  compaction foo t .  
RESIN SYSTEMS DEVELOPED 
A summary o f  r e s i n  systems developed i n  t h e  labora tory  and t h e  
amount of i ng red ien t s  used i n  these systems are given i n  Table 4-1. 
ENGINEERING PROPERTIES OF STABILIZED SOIL MASSES 
The unconfined compression tes t  w a s  chosen as a s tandard  for eval-  
ua t ing  t h e  s t r e n g t h  of t h e  s t a b i l i z e d  soi l  masses. A summary of t es t  
r e s u l t s  is given i n  Tables 4-2 and 4-3. All of  the  specimens w e r e  cured 
a t  cons tan t  temperature i n  a 100% humidity room. The l o w  s t r e n g t h  
values  ind ica t ed  t h a t  t h e  r e s i n  systems were not  proper ly  hardened i n s i d e  
the  s o i l  masses. It is be l ieved  t h a t  t h i s  w a s  due t o  the  presence of  a 
large amount of water i n  t h e  system. Therefore ,  i n  f u t u r e  s t u d i e s ,  t h e  
w a t e r  conten t  should be he ld  as l o w  as poss ib le .  
of the r e s i n  w e r e  s tud ied  by adding d i f f e r e n t  amounts of acidic and basic 
c a t a l y s t s  to  t h e  r e s i n .  An amount of s u l f u r i c  ac id  s u f f i c i e n t  to  produce 
a pH value less than  2.0 r e s u l t e d  i n  s a t i s f a c t o r i l y  cured r e s i n s  i n  t h e  
absence of soil .  
s a t i s f a c t o r i l y  hardened r e s i n ;  no pe rcep t ib l e  cur ing w a s  observed. 
Hardening mechanisms 
However, t h e  use of b a s i c  catalysts  d i d  no t  y i e l d  
SUMMARY AND CONCLUSIONS 
The f e a s i b i l i t y  of us ing  phenolic r e s i n s  as admixture s o i l  s t a b i l i -  
zators w a s  s tud ied .  The chemistry of r e s i n  systems, c o n t r o l l i n g  f a c t o r s  
of r eac t ions ,  and t h e  e f f e c t s  of d i f f e r e n t  f a c t o r s  on cur ing  were a lso 
inves t iga ted .  
Several  systems w e r e  developed which, on t h e o r e t i c a l  grounds, appear 
to  o f f e r  some p o t e n t i a l  f o r  s t a b i l i z a t i o n .  I t  w a s  found, however, t h a t  
s o i l s  treated wi th  these  materials w e r e  n o t  s a t i s f a c t o r i l y  s t a b i l i z e d .  
The probable cause of t h i s  poor performance w a s  t he  inc lus ion  of l a r g e  
amounts of w a t e r  i n  t he  r e s i n  system. To avoid t h e  inc lus ion  of excess  
water i n  t r e a t e d  s o i l  systems, powder r e s i n  forms should be inves t iga t ed .  
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T r i a l  
7 
8 
9 
-2. Summary of test results for system 3 .  
Cata lys t  
B a s e  
(NaOH 1 
Base 
(NaOH ) 
Base 
(NaOH) 
B a s e  
(NaOH) 
B a s e  
(NaOH) 
PH 
9.0 
10.0 
10 .4  
10.0 
10.0 
2 . 4  
1.8 
1.9 
1.9 
Resin 
(%I 
15 
3.5 
15 
15 
15 
15 
15 
10 
5 
Water 
content  
( % I  
2 .2  
2 . 2  
2 .2  
2 . 2  
7.2 
2 . 2  
2 . 2  
7 .2  
D r y  dens i ty  
(pcf)  
120.2 
117.3 
110.0 
107.2 
106.1 
113.5 
117.0 
122.2 
115.3 
Unconfined 
compressive 
s trength 
(psi)  
26.7 
20.0 
14.0 
13 .O 
10.0 
36.7 
44 .7  
60 .0  
70 .0  
* Specimens were cured 7 days.  
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Trial 
. .  
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
T a b l e  4-3.  Summary of test  r e s u l t s  for  sys tem 4. 
C a t a l y s t  
A c i d  
(H2S04)  
B a s e  
(NaOH) 
Acid 
(H2S04) 
A c i d  
(H2S04) 
A c i d  
(H2S04)  
A c i d  
A c i d  
(H2S04) 
B a s e  
(NaOH) 
B a s e  
(NaOH) 
A c i d  + 
resor- 
c i n o l  
B a s e  + 
resor- 
c i n o l  
(H2S04 1 
Curing  
t i m e  
(days 1 
5 
5 
5 
5 
5 
4 
4 
2 
2 
2 
2 
Resin 
( % I  
15 
10 
5 
10 
5 
5 
10 
1 5  
10 
15 
1 0  
Water 
c o n t e n t  
( % I  
2.2 
2.2 
2.2 
7.2 
7.2 
12.2 
2.2 
2.2 
7.2 
2.2 
2.2 
Dry d e n s i t y  
(pcf 1 
100.0 
109.8 
107.8 
107.9 
104.0 
111.7 
111.1 
100.2 
101.5 
96.5 
'101.7 
Jnconf ined 
zompre s s ive 
s t r e n g t h  
(PSl) 
26 
20 
16 
26 
24 
11 
10 
-0 
-0 
5 
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